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Preface

The goal of this study was to gain some insight into the propagation

of errors through a strapdown inertial reference system as a result of

highly dynamic flight profiles. This was to be done using modern estimation

theory and stochastic models of state-of-the-art sensors. Since a simu-

lation package was not available to achieve this objective, a generalized

simulation program, SOFE, was used as a basis to develop the desired

software package.

A large portion of this thesis was directed toward implementing

and validating the software required to perform the error analysis. It

is my belief that credible results can be achieved only when painstaking

\", effort is used in setting up the problem.

I would like to thank my thesis advisor, Dr Peter S. Maybeck, for

his enthusiastic help throughout this study. Also, the well documented

soft tare and generous assistance provided by Stanton H. Musick of the

Air Fofte Avionics Laboratory was of great benefit and made this taskN

consideray easier. Finally, I sincerely thank my wife, Elaine, for

her excellent typing and patient endurance.
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Abstract

This study uses a computer simulation of a strapdown laser gyro

inertial reference system to analyze the errors generated as a result

of highly dynamic flight profiles. A stochastic error model using state-

of-the-art inertial sensors is developed in detail and implemented in

software. SOFE, a generalized simulation program, was used to implement

both a Monte Carlo simulation and a covariance analysis. The Monte Carlo

method was selected to perform the error analysis.

Two highly dynamic flight trajectories were developed using the

flight profile generator, PROFGEN. The PROFGEN program itself was modified

to include an aircraft roll time constant and a roll-only maneuver. The

errurs generated in the inertial reference system as a result of these

flight trajectories were investigated. Both an error budget and an analysis

of the maneuvers inducing these errors were accomplished.

Gyro error sources induced the most system error and coupled the

dynamics of the flight trajectory into the variations of the error. Misa-

lignment was found to be the major cause of both the accelerometer and

gyro induced error. Successive maneuvers were found that reinforced

system errors and other maneuvers were found that canceiled these errors.

Also, some cases were found where the amount of system error varied with

a change in heading 7K.

(
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SENSITIVITY STUDY OF STRAPDOWN INERTIAL

SENSORS IN HIGH PERFORMANCE APPLICATIONS

I. Introduction

Background

Strapdown inertial reference systems eliminate many of the mechan-

ical complexities of gimbaled systems since they have fewer moving parts.

This leads to smaller components, improved reliability, easier mainten-

ance, and less cost. But, these systems also have some disadvantages.

In a strapdown system the gyros and accelerometers are mounted

(through vibration dampers) directly to the airframe. The gyros supply

w angular velocity directly to the navigation computer. The computer, in

turn, uses the angular information to resolve the direction of the sensed

acceleration. This additional computation is not present in a gimbaled

system, since these systems use the gyros directly to maintain the accel-

erometers in a known orientation. However, increased computational re-

quirements are no longer a serious drawback considering the current

availability of low cost minicomputers.

A factor of greater concern In a strapdown reference system is

that the inertial sensors are subjected to a more dynamic environment

than sensors in a gimbaled system. This Is especially true In high per-

formance fighter aircraft. The gyros and accelerometers are subjected

to both the faster dynamics of aircraft attitude changes and motion over

a wider dynamic range: not only must they withstand a harsher enviro-

ment, they must provide precise outputs over vastly differing regimes.

L1
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The development of the ring laser gyro has enhanced interest in

strapdown inertial reference systems. This type of gyro measures rota-

tion by detecting differences in the frequency of light travelling in

opposite directions within a rotating cavity and Is essentially a solid

state device (Ref 1). Since it has no moving parts, it is not suscep-

tible to acceleration-induced errors and is well suited to the highly

dynamic enviroment of a strapdown system. Its mechanical simplicity

also makes it adaptable to mass production techniques which can lead to

lower acquisition costs.

Problem

Present strapdown ring laser gyro strapdown reference systems pro-

vide acceptable accuracy in the relatively benign environment of trans-

port or commercial aircraft. However, these systems do not provide the

desired accuracy when used in a highly dynamic environment such as that

of a modern air superiority fighter aircraft.

One of the first steps in refining the accuracy of a strapdown

system is to develop a full understanding of the propagation of sensor

errors through the system. The problem undertaken in this study will

be to develop a computer simulation of a state-of-the-art strapdown

inertial reference system followed by an analysis of the impact of

individual sensor errors upon overall system errors. Highly dynamic

flight profiles will be used to generate the inertial reference system

errors.

A deterministic analysis of the effects of sensor errors on strap-

down inertial reference system performance was accomplished in a pre-

vlotis thesis by Lt Richard H. Reynolds (Ref 14). Although this deter-

ministic approach provides valuable baseline information, it does not
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accurately portray the uncertainties in the system model, nor does it

account for uncertain initial conditions and noise-corrupted inputs.

The probabilistic approach undertaken here utilizes stochastic

models to account for unce-tainties in the inertial reference system.

Stochastic process and modern estimation theories will also be used to

characterize the initial conditicns, forcing functions, and the result-

ing system outputs.

.cope

The focus of this study will be to identify the relative effect

of each error source on the overall system error. Also, the severity

of errors induced by specific flight profiles will be investigated so

that maneuvers that degrade performance can be identified.

Error models characterizing the dominant sources of errors of

state-of-the-art inertial sensors will be used in the simulation. The

Bell Model XI accelerometer (Ref 5) was chosen for this application be-

cause of its wide use in current high-accuracy inertial reference sys-

terns, while the Honeywell GG1342 ring laser gyro was chosen because it

is currently available and has been flight tested in the A-7E using

highly dynamic flight profiles.

Flight profiles will be generated based upon the performance char-

acteristics of an F15 aircraft. In its air superiority role, the F15

represents the most dynamic environmenL that an aircraft inertial sys-

tem currently encounters.

Development

The initial portion of this study entails the development of the

software and models to perform the error analysis. First, a set of"
error differential equations for a ring laser gyro strapdown inertial

3



reference system will be developed based upon the general formulation

used by Widnall and Grundy (Ref 17). These equations will then be

implemented in a digital simulation program called SOFE (Ref 12). SOFE

will be used to generate statistics by the methods of Monte Carlo simula-

tion and also by ccvariance propagation for the linearized error equa-

tion model of the strap-down inertial reference system.

In addition, two supporting computer programs, a flight profile

generator, PROFGEN (Ref 11), and a post processor for generating sample

statistics and plots, SOFEPL (Ref 6), will be used in conjunction with

the basic simulation program.

Validation of the implementation of the basic error differential

equations will be accomplished by duplicating error standard deviation

plots shown in Reference 17 for a simpler model. Further validation of

the complete augmented state equations will be accomplished by comparing

the results of the two different approaches, the Monte Carlo simulation

and the covariance analysis.
dr

Representative F15 flight profiles will then be developed, followed

by an analysis of the errnrs generated in the strapdown system as a re-

sult of the highly dynamic profiles. In addition to determining the

error budget for each flight profile, the sources of system error induced

by specific high dynamic maneuvers will be sought.

4
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II. Error Model Development

Basic Error Differential Equations

In order to analyze the performance of a reference system using

modern linear estimation theory, a stochastic system error model is

often expressed in the form of linearized first order differential

equations. These equations are of the form

x Fx + Bu + w (1)

where

F = Fundamental Matrix

B = Control Input Matrix

x = Error State Vector

= Deterministic Forcing Function

w = White Gaussian Driving Noise

Britting showed that the same basic equations could be used for

both gimbaled and strapdown systems (Ref 4). These consist of a

system-independent nine-by-nine matrix Pinson error model (Ref 13)

augmented by system-dependent error forcing functions. The first three

states represent errors in position, states four through six are veloc-

ity errors, and states seven through nine are tilt errors. These states

are defined in Table 1. The nine-by-nine matrix for the Pinson model

is shown in Figure 1 with corresponding notation shown in Table 2.

Widnall and Grundy developed first order error equations for a strap-

down reference system In this fashion (Ref 17), so many of their results

will be applied in the development of the model used here.

O.5
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State Meaning Units

x(1) Error in east longitude radians

x(2) Error in north latitude radians

x(3) Error in altitude feet

(
x(4) Error in east velocity ft/sec

x(5) Error in north velocity ft/sec

x(6) Error in vertical velocity ft/sec

x(7) Attitude error east component radians

x(8) Attitude error north component radians

x(9) Attitude error up component radians

Table 1. States of the Nine Dimensional Pinson Error Model

6
A
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II
Symbol and Value IMeaning

L Latitude

= 7.2921151x0 -5 rad/sec Earth Rotation Rate
R = 20925640 ft Radius of Earth

g = 32.0881576 Magnitude of gravity vector

ve , vn, Vu Vel. in local nav frame (e,n,u)

:fe fn fu Specific Force in nav frame

In  ncosL North Component of Earth Rate

;Qu sinL Up Component of Earth Rate

Pe "Vn/R Components of Angular Velocity of Nay
Pn V V/R
n eR Frame with respect to Earth

Pu (vetanL)/R

We =Pe 1 Components of Angular Velocity of Nay

n i P n j Frame with respect to Inertial Space

U= PU + Q10u "u +u
Kz = Vu/R

F42 = 2(slV n  n +uV )

2
+ PnVn/COS L

F43 = puPe + Pn Kz

F44  -Pe tanL - KzF2=-2ne - ne/O2L

F 52 2Q n v e Pnve/cos2L

F53  pnPu - PeKz
2 2F63 = 2g/R - (Pn2 + pe2 )

F9 2 C n PtanL

Table 2. Notation used in Figures I and 4
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Coordinate Systems

The basic Pinson error model is often implemented in an east-

north-up (e,n,u) navigation coordinate frame. However, the gyro and

accelerometer sensitive axes are assumed to be nominally aligned along

the axes of an aircraft body frame orientated in a nose, right-wing,

down (x,y,z) direction. Therefore, it will be necessary to transform

the sensor noises derived in the body frame to the navigation frame

prior to using them as a driving force for the basic error differential

equations. Using the notation

= Roll Euler Angle

0= Pitch Euler Angle

i= Yaw Euler Angle

and referring to Figure 2, the transformation from the body frame to

the navigation frame, Cbn is

Cex Cey Cez

C b C xC ny C nz (2)

Cux uy uzj

where
ii

C = sinFcosO

C = cos'cosenx

= sinOCux

C s insin~sinO + cosPcos(ey
C cospsinsn¢ - sin'cosO
\y

g :



u

x

e

n

Note: Origin of body frame is displaced from that of the

navigation frame for clarity. They are actually

coincident at the aircraft center of mass.

Figure 2. Body and Navigation Coordinate Frames

( 1
102



CY -- cosesin

C = -cos)nOsn + sinsln0cosOCez

Cnz = cosPnOcosO + sinPsjnO

Cuz -cosOcos

In addition to the above transformation, the output of the

flight profile generator, PROFGEN, will also have to be transformed

to the navigation and body frames. The necessary transformation from

nthe PROFGEN frame to the navigation frame used here, C , is
"0 -1

C n 1 0 J (3)Cp

This transformation is done implicitly in the simulation by equating

the west componcnts of PROFGEN's output to the respective negative east

components in the error model.

After transforming to the proper navigation frame, both specific

force and angular velocity must also be transformed to the body frame.

This transformation is the inverse of that given in Equation (2) and

is defined as

C xe Cxn xu fCex Cey ez

Cb C C C(4Cn= Cye yn yu nx ny nz

Cze Czn Czu Cux Cuy Cuz

Altitude Channel Mechanization

Since a three-accelerometer reference system will be used, and

11
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the vertical channel of an unaided inertial reference system is in-

- herently unstable, external aiding will be used in the vertical com-

putations. (Ref 17:13) To minimize the vertical error, a barometric

altimeter input will be implemented in a third order feedback loop.

The error aiding equations used here are

uh -K(6h - 6href) (5)

Uvu -K2 (6h - 6href) (6)

K - href) (7)

where

Suh = rate of correction of indicated altitude

, = rate of correction of vertical vel. error

6h indicated altitude error, State x(3)

Shf barometric altitude error

, a difference of integral of indicated and

barometric altitude, used as an additional

state, x(lO)

Equations (5) and (6) are used as additional driving forces for

the differential equations of states x(3) and x(6) respectively, and

Equation (7) is added to the system as an additional state, x(lO). The

altitude channel equations, including these aiding equations, then

become

k(3) = x(6) - KI(x(6) - Shred (8)

x(6) = -2QuVeX(2) + F63x(3) - K2(x(3) - 6hf) (
+ 2wnx(4) - 2p eX(5) - fn x(7) + f eX(8) - x(lO) (9)

x(lO) = K3(x(3) - 6href) (10)

12U



The value of the gains Ki, K2, and K3 have been arbitrarily

chosen so that the charcateristic equation of the baro-altitude loop

has a triple pole at s = -.01 sec which provides stable feedback in

a loop with a time constant of about 100 seconds. Such a design was

used in the Litton CAINS inertial navigator (Ref 17:16). These va'ues

are

* I
K 1  3 x 1O

2 sec-1

1-3 x 0 -  2 se 2

K3 lx 10-6 sec 3

The results of using these gains will be discussed in the

verification section to follow.

Gyro Error Model

The Honeywell GG1342 ring laser gyro was chosen as a represent-

ative state-of-the-art gyro to be used in this simulation. It is a

0.63 micron (visible red) wavelength gyro with a 34.5 centimeter path

length and uses body dither for lock-in compensation. Mechanical

dithering is accomplished by piezoelectric transducers oscillating the

lasing block through a small angle to minimize dwell time In the lock-

in zone. As the block passes through lock-in a residual error, random

rate noise, is introduced which should be accounted for in the devel-

opment of the error model.

This type of gyro was recently flight tested by the Naval Air

Development Center in the A-7E aircraft. Benign maneuvers as well asair-to-air combat maneuvers were performed during these tests. Results",

showed a median of an ensemble of radial position error rates of less

than 0.75 nautical miles per hour could be achieved using only a six

13



minute alignment. Ground tests showed that the six minute alignment

produced an RMS alignment error In azimuth of 3.75 arc min (Ruf 2).

For the investigation undertaken here, one of these gyros will

be assumed to be nominally aligned along each of the pitch, roll, and
J A

yaw axis of the aircraft. This is a simplification for analysis

purposes. In general, a better gyro is used for the roll axis, or the

greater dynamic range of the roll axis is distributed by canting the

input axes of the gyros in relation to the roll axis. The performance

characteristics assumed for each gyro are listed in Table 3.

Bias stability, scale factor stability, and input axis orthogon-

ality errors will be achieved in the simulation by augmenting the basic

ten-by-ten error model with additional states. These states will be

derived from differential equations of the form

x=0 (011

That is, they will be modelled as random biases, and obtained as the

output of integrators with no input, but with an initial condition

j modelled as a Gaussian random variable based upon the given standard

deviations (Ref 8).

Random drift of the laser gyro will be modelled as a white

usslan noise driving the attitude tilt error states of the Pinson

Serror model.

In addition to the error model characteristics shown in Table 3,

a scale factor nonlinearity typical of all dithered laser gyros (Ref 1)

will be inserted in the model. A describing function for this non-

(- " linearity was obtained from Dr. Jack W. Bell of the Air Force Avionics

Laboratory (Ref 3) as

14
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e Error Source Standard Deviation

Bias Stability 0.008 deg/hr

i Random Drift 0.002 deg/Vh/hr

Scale Factor Stability 5 PPM

Inout Axis isalignment 25 pu rad

Table 3. GG1342 Laser Gyro Performance Characteristics

GSF = 2 SF7. + 2 - B + C

where f

GSF i Gyro Scale Factor ( is nominally 131328.387)

ln.The errcnrbto fti describing function s plottedthereio

in Figure 3.

To convert this function so that it may be applied to the error

(model used here it is necessaryto divide through by the nominal

scale factor and convert the region of application from deg/sec to

15



Output (pulses)

320895.78 . -

183369.02J 34.2 pulses

-10 -6o 80 140 Input (deg/sec)

-.. - - -183369.02

S... -320895.78

Figure 3. Scale Factor Nonlinearity (Nominal Scale Factor
131328.387 pulses/rad)
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rad/sec. This results in the function 4

GSFout GSF1 n + A'w - B' wI + C' (13)

where

GSF = Gyro Scale Factor (GSFin is nominally 1)

= Input Axis Angular Velocity in rad/sec

A' = 4.86039 x 10
-4 (sec/rad)2

B' = 1.8663 x 10-3 sec/rad

C' = 1.65833 x 10
3

This function is valid in the region

1.3963 rad/sec < jwj < 2.4435 rad/sec

The contribution of the scale factor nonlinearity to the overall

scale factor error is shown in Table 4 for selected input rates.

Although Figure 3 does represent the form of t',e nonlinearity described

in Reference 1, the magnitude of the error contribution shown in the

third column of Table 4 appears to be high. Scale factor llnearitles

for three Honeywell GG1342 gyros discussed in Reference 2 are given as

3.1, 2.5, and 1.1 PPM. Based on these figures, the describing function

for the nonlinearity given in Equation (13) will be scaled down such

that its maximum value will be equal to the mldvalue, 2.5 PPM. This

reduced error contribution is shown in the fourth column of Table 4.

The effect of this and alternative choices will be shown in the sub-

sequent validation section.
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Error Source Standard Deviation

Bias

Repeatability 10 jig

White Noise 5 1jgosec

Correlated tloise (T = 60 sec) 7 jg

Scale Factor

Stability 15 PPM I

Quadratic 0.09 g/g 2

Cross Axes 0.20 glg

Cubic 0.0007 1ig/g 3

Orthogonality 10 arc sec

Gain Change Stability I
I Bias 10 .±g

Scale Factor 5 PPM I

Table 5. Bell Model XI Accelerometer Error Model

Accelerometer Error Model

Although the Systron Donner accelerometer is currently used in
, the Honeywell ring laser gyro navigator (RLGN), the Bell Model XI

accelerometer was chosen for this study because of its better and more

state-of-the-art performance characteristics. The Bell Model XI

accelerometer is a single axis, pendulous proofmass, force rebalance

device which uses a capacative bridge pickoff to detect specific

force. The parameters for the basic error model for this accelerometer

(C are shown in Table 5. Long term errors, temperature compensation

errors, and errors induced from a specific onboard computer implementat-

19



ion were not considered in this model. It is assumed that temperature

compensation and computer processing will be designed such that the

dominant short term errors will be those listed in Table 5.

Bias stability will be modeled as a random constant with a

standard deviation based upon the RIS value of the two terms given in

the table

/(-lOlg) O + 10g) Z = 14.14 pg = 4.55376 x 10- 4 ft/sec2  (14)

This value will be the basis of the random initial condition of an

undriven integrator used to generate the random constant.

The white Gaussian noise given in the model will directly drive

the differential equations for the three velocity states in the basic

Pinson error model. Transformation from the body frame to the nav-

igation frame is not necessary because the strength of the noise is the

same for all three axes. Since the noise is spherically distributed,

a rotation of the reference frame still results in the same statistical

characteristics for the noise driving each axis.

The correlated noise bias will be modeled as a stationary first

order Gauss-Markov process (Ref 8:183). That is, the differential

equation for the state will be that of a first order lag driven by

white Gaussian noise of strength Q where

I
20 /= 2o = 2(7jjg) /(60sec) = 1.6935 x 10- 9 ft2/sec 3  (15)

The remaining error sources will be modeled as random constants.

The scale factor stability terms will be combined to obtain a standard

S( deviation of

20



,/(15 PPM) 2 + (5 PPM)e = 1.5811388 x 10-5  (16)

The placard acceleration limit for the F15 is 7.5 g. This value

was used to determine the relative contribution of each error source

with the acceleration applied both along the input axis and 45 degrees

between axes. The equation used to calculate indicated acceleration,

Ai is, s

A K + K a + Ka 2 + K 2 + Koao2 (17)
i  Kb  i +ii i  ppp 000

+ K a.a + K . + Kpoapa
ip i p 1io o 0

+ Kii + Kpppp 0Koooa0

where

a.,a ao acceleration along input, pendulous

or output axis

Kb = bias coefficient

K = scale factor coefficient

KiiKpp'Koo = quadratic nonlinearity coefficients

K.,K ,K cross axis nonlinearity coefficients
10' p0 i p

Ki..,Ko,K = cubic nonlinear-ty coefficients
iii1 000, ppP

As shown in Table 6, the contribution of the cubic error is an order of

magnitude less than the other error sources. Thus, it will not be in-

cluded in the error model used in this simulation.

Therefore, for the accelerometers to be modeled, eleven addition-

al states will be added to the basic error model for each accelerometer.

1 (One state will generate correlated noise, while ten states will rep-

resent random constants.

21



Error (Wg) 7.5 g Along Input Axis 7.5 g 450 between axes 1
Bias 14.14 14.14

Scale Factor 118.5854 83.8525

Quadratic 5.0625 2.53

Cross Axes 0.0 5.625

Cubic 0.295 0.1044

Table 6. Contribution of Accelerometer Error Sources

Gravity Error Model

The gravity error model consists of local variations of the grav-

ity vector which are not normally compensated for in inertial reference

systems. Both gravity deflections and gravity anomaly are modeled as

first order Gauss-Markov processes with the correlation time derived

from the vehicle speed and spatial correlation distance (Ref 17). This

is shown by

- + W (18)

where

v = Vehicle Ground Speed

d = Correlation Distance j
x = Error State

w = White Noise of Strength Q

Q - 2a2v/d 4

The gravity variation model given In Reference 17 for the western
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Gravity Error Standard Deviation Distance

East-West Deflection 26 jg 10 nm

North-South Deflection 17 pg 10 nm

Anomaly 35 jig 60 nm
,

Table 7. Model for Gravity Variations (Ref 17)

United States is shown in Table 7.

Barometric Altimeter Error Model

The barometric altimeter is used in this simulation to stabilize

the vertical velocity and altitude. Two sources of error will be

modeled, the scale factor error due to nonstandard temperature and the

Ierror due to the variation in altitude of a constant pressure surface.

The nonstandard temperature error will be modeled as a random

constant with a standard deviation of 0.03. The variation of the

pressure surface will be modeled as a spatial first order Gauss-Markov

process with a correlation distance of 250 nm and a standard deviation

of 500 feet (Ref 17).

Complete Truth Model

The complete truth model of the errors for the strapdown inertial

reference system consists of 60 error states basically of the form

=F x + w (19)

Each of these states, x, are defined in Table 8. The fundamental

matrix, F, for the truth model is shown in Figure 4 with an explanation

of its entries in Tables 2 and 9. The strengths of driving white

Gaussian noise terms, w, are given in Tabla 10.
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State Meaning o

Basic Altitude Damped INS

x(1) Error in East Longitude 5.7735 x 1O"2 arc min

x(2) Error in North Latitude 5.7735 x 102 arc min

x(3) Error in Altitude Equation (21)

x(4) Error in East Velocity 1 ft/sec

x(5) Error in North Velocity I ft/sec

x(6) Error in Vertical Velocity 0.1 ft/sec

x(7) Attitude Error East Component Equation (23) 11
X(8) Attitude Error North Component Equation (25)

X(9) Attitude Error Up Component i Equation (27)

x(lO) Altitude Stabilization Error Equation (29)

Gyro Error States

x(ll) x Gyro Bias 0.008 deg/hr
x(12) y Gyro Bias 0.008 der/hr

x(13) z Gyro Bias 0.008 deg/hr

x(14) x Gyro Biale 0.008r deg/

x(14) x Gyro Scale Factor Error 5 PPM

x(16) y Gyro Scale Factor Error 5 PPM

x(16) z Gyro Scale Factor Error 5 PPM

x(17) x Gyro Misalign about y 25 Prad

x(8) x Gyro Misalign about z 25 Prad

x(19) y Gyro Misalign about x 25 urad

x(l y Gyro Misalign about D 25 rad( x(2O) __y Gyro Misalign about z 25 i.rad

Table 8. Error States and Initial Standard Deviations
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State Meaning I 00
1 z__________ Gyro _isalignbout 25 _ra

x(21) z Gyro Misalign about x 25 Prad

x(22) z Gyro Misalign about y 25 Prad

Accelerometer Error Stdtes

x(23) x Accelerometer Bias 14.14 Pg

x(24) y Accelerometer Bias 14.14 ug

x(25) z Accelerometer Bias 14.14 iig

x(26) x Accel. Correlated Noise 7 pg

x(27) y Accel. Correlated Noise 7 jg

x(28) z Accel. Correlated Noise 7 pg

x(29) x Accel. Input Quadratic 0.09 Ug/g2

x(30) y Accel. x Cross Quadratic 0.09 pg/g2

x(31) z Accel. x Cross Quadratic 0.09 pg/g 2

x(32) x Accel. y Cross Quadratic 0.09 Pg/g2

x(33) y Accel. Input Quadratic 0.09 pg/g 2

x(34) z Accel. y Cross Quadratic 0.09 pg/g 2
x(34) z Accel. y Cross Quadratic 0.09 Pg/g2

x(35) x Accel. z Cross Quadratic 0.09 Ug/g 2

x(36) y Accel. z Cross Quadratic 0.09 Ug/g2

x(37) z Accel. Input Quadratic 0.09 ug/g2

x(38) x Accel. x, y Cross Scale Factor 0.2 Pg/g2

x(39) y Accel. x, y Cross Scale Factor 0.2 pg/g 2
x(40) z Accel. x, y Cross Scale Factor 0.2 Pg/g2

Table 8. (continued)
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State Meaning 0°

:(1 Accel. x,: Cross Scale Factor 0. Egg
x(43) y Accel. x, z Cross Scale Factor 0.2 gg

x(43) x Accel. y, z Cross Scale Factor 0.2 g/g2x(41) x Accel. y, z Cross Scale Factor 0.2 ig/g2

x(42) y Accel. y, z Cross Scale Factor 0.2 pg/g2

x(43) z Accel. , z Cross Scale Factor 0.2 Pg/g

x(44) x Accelerometer Scale Factor 15 PPM

x(47) z Accelerometer Scale Factor 15 PPM

x(48) y Accel.rmee M S cal ato r 10 Prcse
x(49) z Accelerometer Scale Factor 15 PPM

x(50) x Accel. Misalign about y 10 arc sec
x(51 x ccel Mialin abut 10arc sec

x2 y
x(53) y Accel. Misalign about z 10 arc sec

x(54) z Accel. Misalign about x 10 arc sec

x(55) z Accel. Misalign about x 10 arc sec
x(55) z Accel. Misalign about y 10 arc sec

Altimeter Error States

x(56) Barometric Pressure Error 0.03

x(57) Barometric Scale Factor Error 500 ft

Gravity Model Error State

x(58) East Deflection of Gravity 26 ug

x(59) North Deflection of Gravity 17 pg

x(60) Gravity Anomaly 35 ig

Table 8. (continued)
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56 57 58 59 60

3 K1  K h 0 0 0 3

4 0 0 1 0 0 4

5 0 0 0 1 0 5

6 K2 K2h 0 0 1 6

7 0 0 0 0 0 7

8 0 0 0 0 0 8

9 0 0 0 0 0 9
10 -K3  -K3h 0 0 0 10

56 57 58 59 60

Figure 4g. Matrix F6

11 12 13 14 1s 16

C ex Cey Cez Cex x Ceyy Cezwz 7

8 Cnx Cny Cnz Cnxx Cnywy Cfnz z  8

9C Cuy Cu z C uxx Cuyy Cuzz 9

11 12 13 14 15 16

Figure 4h. Matrix F7

I
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ij

17 18 19 20 21 22

ex z  -Cex y Ceywz Cey'x Cez y Cez~x 7

.8 z-C -C C C -Czux  8

9 c~u -C Cw Cw Cw - 9S ux z uxy uy z uy x uzy uz x

17 18 19 20 21 22

Figure 4i. Matrix F8

26 27 28

26 -/. 0 0 26 \.

27 0 -1/T2 0 27

28 0 0 -]/r3  28

26 27 28

Figure 4j. Matrix F9 (TI=T2=T3 )

56 57 58 59 60

56 -v/d1  0 0 0 0 56

57 0 0 0 0 0 57

58 0 0 -v/d2  0 0 58

- 59 0 0 0 -v/d3  0 59

60 0 0 0 0 -v/d4  60

56 57 58 59 60

Figure 4k. Matrix F10

3 (
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Symbol and Value Meaning

K 1=3 x 10- sec "

4 s 2  Gains for Altitude Channel

Aiding EquationsK3  1 x 10-6 s "3

K = x 0 sec
3

fx' fy fz Specific Force in Body Frame

w x IWy 9 z Angular Rate in Body Frame

h Altitude

Cex Cey CeznjC C Cb, the Transformation from the

fly -nz Body Frame to the Nay Frame

C Cux uy uz
T1 60 sec,

Accelerometer Correlation

2 60 secr
Times

3 60 sec

= e+ Vn Ground Speed

d= 250 nm Accelerometer Correlation Distance

d2 = 0 nm Correlation Distances

d3=10 nm o.for Gravity Model
d4 = 60 nm

Table 9. Notation used in Figure 4.

(See Table 2 for notation used in Figure 4b)

33
! --- - ~*af l l f . 0- -- ~ -- ~~



Element Noise Source Standard Deviation

w(4) Accelerometer White Noise 5 1gv'sec

w(5) Accelerometer White Noise 5 pgfse-c

w(6) Accelerometer White Noise 5 pg s-ec

w(7) Gyro Random Drift 0.002 deg//ih-r

w(8) Gyro Random Drift 0.002 deg//W

w(9) Gyro Random Drift 0.002 deg/prh-r
w(27) x Accelerometer Correlated Noise /(7ug) /(6Osec)

w(28) y Accelerometer Correlated Noise7

w(29) z Accelerometer Correlated Noise 2(7Tg)7/(60sec)

w(56) Barometric Pressure /2(0.03) 2nm)

w(58) East Deflection.of Gravity /2(2;ig) 2v/(l0nm)

w(59) North Deflection of Gravity 2(l7ig)2v/(lOnm)

w(60) Gravity Anomaly 2(35pg)2v/(6Ohm)

Table 10. Standard Deviations of the Non-zero Elements of the

Diagonal Q Matrix for Driving Noise w where

E(w(t)w(t + t)T} Qa(r)
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Initial Conditions

The initial conditions for the first ten states will be based

upon a ground alignment at a random alignment heading. It will also be

assumed that the baro-inertial vertical channel has already reached a

steady state condition.

Initial longitude and latitude error, x(l) 0 and x(2) will be

based upon the accuracy of the input data available from the pilot. It

is assumed that data can be entered through the inertial reference

system's control panel to within ±0.1 arc min. The standard deviation

for this uniformly distributed random variable, ao, is

GO = (0.2 arc min)/vT/2 = 5.7735 x 10-2 arc min (20)

For eacn run of the Monte Carlo simulation, a random sample of x(1)

and x(2) will be approximated by a Gaussian distributed variable based
04

upon the standard deviation given in Equation (20).

The initial altitude error, x(3) , will be used to minimize the
0

start-up transient response of the baro-inertial loop by offsetting

initial barometric altimeter errors. The relationship between these

variables is given in the third row ot the fundamental matrix in

Figure 4 as

0 -Kx(3)0 + KIx(56)0 + KIx(57)0 h

or

x(3)o = x(56) o + x(57)oh (21)
0( 0

Values that are typically obtained from a ground alignment will

be used to specify the initial standard deviations of the east (o(4)0),
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I
north (o(5) ), and up (a(6)0 ) velocities, The values used in Reference

17 are

a(4)0 = I ft/sec

= ft/sec

a(6)0 = 0.1 ft/sec

East and north attitude errors, x(7)o and x(8)o, depend upon in-

0 0

itial accelerometer and gravity errors. During alignment, the trans-

formation matrix from the platform reference frame (the body frame in

this case) to the navigation frame will be rotated into alignment with

the sensed gravity vector. This results in initial attitude errors that

correspond tzo errors in the sensed gravity vector. The contribution of

each sensor to the system error depends upon the alignment heading of

the aircraft.

The relationship between initial east tilt error, x(7) , and

acceleration errors can be derived fror, row five of the fundamental

matrix shown in Figure 4. With the aircraft at rest, the terms of

interest are

0 = x(7)ofu + (x(23)0 + x(26)o + x(35)of fz - X(50)ofz)Cnx

+ .(x(24)0 + x(27)0 + x(36) f f + x(52)of )C + x(S) (22)0o 0z 0 z ny+

but f -f g, and assuming alignment at a random heading iR we have

I

x(7)o0: -(x(23) 0/g + x(26)0/g + x(35)0g + x(50O)coSR
+(x(24) /g + x(27) /g + x(36)0g - x(52)0 )sinR

- x(59) /g (23)
0

Similarly, the fourth row of the fundamental matrix provides the
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relationship for initial north tilt errors

0 =-x(8)of + (x(24) + x(27) + x(36)ofzf + x(52)ofz)Cey

0ou 0 0 0Z z O0z ey

+(x(23) +x(26) + x(35)ofzfz - x(50) f z)Cex + x(58) (24)

Using the same substitution as in Equation (23) results in

x(8)0 =(x(24)0/g + x(27)0/g + x(36)0g - x(52)o)cosR

+ (x(23)o/g + x(26)o/g + x(35) g + x(50)o)sinR

+ x(58) /g (25)
0

East gyro errors will cause an initial azimuth error since a

ground alignment seeks to null east angular velocity. From the compon-

ents of the east tilt rate differential equation, row seven in the

fundamental matrix shown in Figure 4, the relationship is found to be

0 x(8)o u - x(9)o?

+ (x(ll)0 + x(1
4)owx + x(17)odz -x(18)oy)Cex

+ (x(12)0 + x(15)oey - x(19)oz + x(20)o&x)Cey (26)

Since the aircraft is at rest and aligned at a random heading

u z u
=X nCOS*

w fl nos~in

y n R

Substituting these values into Equation (26) gives

x(9)0 =(x(8)jou + (x(ll) + x(14)onCOS R
- x(17)j u + x(l)onSinR )sin4R

( + (x(12)0 - x(15)onnSir R + x(19)oau

+ x(20)o nCOS R)cosR)/"n (27)
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The initial value of the azimuth error shown in Equation (27) will

apply for longer alignment times (6 minutes or longer). An additional

Gaussian sample based on a standard deviation of 3 arc min will be add-

ed to Equation (27) to simulate a shorter alignment period (approxi-

mately 3 minutes). These values correspond to RMS azimuth errors

compiled for alignments during the A-7E flight tests (Ref 2).

The random alignment heading, * RD will be realized at the start

of each Monte Carlo run by approximating the heading's uniform dist-

ribution from -iT to 1T by a Gaussian distribution with a standard dev-

iation, aR' of

aR = 2r//Y = 1.8137993 rad

Although the Gau.ssian di~tribution will result in a north bias, this

type of randcr! variable generator was used because it is included in the

basic simulation program, SOFE. Use of it will introduce the desired I

vari into aircraft heading during alignment, and will reflect the

fact the aircraft are not normally parked in an entirely random fashion.

It is assumed that the vertical channel is in steady state; there-

fore the initial value of state x(lO), the integral of the difference

between computed and barometric altitude, will be set to compensate for

initial vertical velocity errors. The relationship between these

variables can be obtained from the sixth row of the fundamental matrix

0 x(3)oF63 - x(l) o + (x(25)0 + x(28)o + x(
37)ofzfz

+ x(49)ofz)Cuz - K2(x(3)0 - x(56)0 - x(57)oh) + x(60)0  (28)

( but initially
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( x(3)0  x(56)0 + x(57)0h
= -g

Iz

Cuz =-1

F63  2g/R

Substituting these relationships Into Equation (28) results In

x(lO)o = x(3)02q/R - x(25)0 - x(28)0 - x(37)0g2

+ x(49)og + x(60) (29)

3I
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Ill. Software

The primary program used in this study is a generalized digital

simulation program developed by the Air Force Avionics Laboratory

called SOFE (Ref 12). Two additional programs used in conjunction with

SOFE are a flight profile generator called PROFGEN (Ref 11) and a post-

processor called SOFEPL (Ref 6).

SOFE

This section will show how SOFE was implemented for this simula-

tion. Refer to Appendix A for a brief discussion of the program itself.

Normally SOFE is used to implement both a complete truth model and a re-

duced order Kalman filter model. However, SOFE was used here with the

order of the filter model equal to the truth model. No measurements are

provided to the filter model so that its computed covariance is the un-

conditional state covariance.

The truth model is propagated through many runs and is used as the

basis of a Monte Carlo simulation where data is accumulated such that

the standard deviation of the error states can be calculated. The filter

model is propagated through one run and used a5 the basis of a covari-

ance analysis. Here, the square roots of the diagonal elements of the

covariance matrix are computed for comparison to the standard deviations

generated by the truth model and Monte Carlo sample statistics genera-

tion.

In a subsequent validation section of this study, the results of

both a Monte Carlo simulation and a covariance analysis for a strapdown

inertial reference system will be compared. Based on this comparison,

( the Monte Carlo simulation method was chosen to accomplish the error

analysis since it required less time. A second reason for using a Monte
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Carlo simulation is that the scale factor nonlinearity for the laser
1.

gyro can be implemented more directly than in a covariance analysis.

The subroutines and data for SOFE that implement the truth model

of error state equations developed in the previous section are listed in

Appendix B. Although a subroutine, TRAJ, is available in SOFE for pro-

gramming of trajectory data, an external flight profile generator,

PROFGEN, was used to simplify programming and enhance versatility in

developing trajector es.

P ROFGEN

A discription of PROFGEN is included in Appendix C. PROFGEN was

programmed to construct an F4 flight profile during the development of

the simulation package, followed by construction of two basic F15 flight

profiles for use in the error analysis. The F4 flight profile was devel-

oped and is currently used by the Air Force Avionics Laboratory, while

the F15 flight profiles were developed for this study and will be dis-

cussed in a subsequent section.

The output variables of PROFGEN that drive the simulation program

are listed in Table 11. PROFGEN uses a north-west-up navigation frame

which is implicitly transformed to the east-north-up frame used here by

equating the corresponding components of each vector.

Several of PROFGEN's output variables require transformations prior

to being used as driving functions in the error model. Specific force
b K

is transformed to the body frame from the navigation frame using C fromn

Equation (4) as shown in

x xe xn xu e

f - Cye Cyn Cyu f n (30)

ze Czn zu, V,

41
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Lt

Symbol Meaning Units

t Time seconds

L Latitude radians

1 Longitude radians

a Heading radians

h Altitude feet

Roll radians

6 Pitch radians

Yaw radians

v North Velocity 1 ft/sec
L with respect to

-v Minus East Velocityo earth In the ft/sec
nay frame

v Up Velocity J ft/sec
f Specific Force Along orth Axis ft/sec2

"f Specific Force Along West Axis ft/sec 2

n

u Specific Force Along Up Axis ft/sec2

Roll Rate rad/sec

Pitch Rate rad/sec

Yaw Rate rad/sec

Table 11. PROFGEN Output
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Angular velocity of the body frame with respect to inertial

space is found from the sum of the angular velocity of the navigation

frame with respect to the earth and the angular velocity of the earth

with respect to inertial space. Coordinatizing this in the body frame

results in

'CC f JJ

: e n xu' 4e
y (Cye yn yu 'n

using

'e= -"Vn/R (32)

Wn = veIA+ cosL (33)

(u = (vetanL)/R + S1sinL (34)

where

R = 20925640 ft

= 7.2921151xlO rad/sec

SOFEPL

SOFEPL is the post processor which is used in conjunction with

SOFE (Ref 6). This program is used to compute ensemble averages and

standard deviations of the error states. The graphics package, DISSPLA,

is used by SOFEPL to generate a plot file. Actual plots are obtained

by using the DISSPLA post processor that corresponds to the desired

output device.

S (43
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IV. Program Validation

The error model for the strapdown inertial reference system was

developed in detail in Section II and implemented in software as des-

cribed in Section III. It remains now to verify that the error state

equations and their implementation are correct, and that the results

obtained from the simulation are accurate.

Two approaches are to be used to verify the error model. First,

the implementation of the basic Pinson error model is to be checked by

comparing plots of the error states to those obtained in a previously

published report (Ref 17). Then, the entire error model will be imple-

mented in two different manners, a truth model for Monte Carlo simula-

tions and a filter model for covariance computations (assuming no input

measurements, as described previously), and the results will be com-

pared.

In addition, the number of runs required to perform a Monte Carlo

simulation will be ascertained, and the stability of the baro-inertial

altitude channel will be investigated.

Pinson Error Model Verification

The response of an unstable pure inertial reference system and a

typical stable baro-inertial system to various initial conditions was

investigated by Widnall and Grundy (Ref 17:45-53). They showed plots

of responses of an unstable system to an initial altitude error of 10 ft

and of a stable system to initial errors of 100 ft in altitude ad

1 ft/sec in vertical velocity.

These results were duplicated by selecting the proper initial

( conditions and setting to zero all the driving noises and noise states

in the augmented truth model leaving the basic 10 dimensional error model.
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In addition, the baro-inertial aiding gains (K1, K, K3) were set to

zero to verify the unstable system response. Typical plots that were

obtained are shown in Figures 5 and 6. Latitude and longitude errors

resulting from an initial vertical velocity error of I ft/sec are plotted

over a 2 hour period. As expected, a small amplitude oscillation occurs

at the Schuler frequency.

Covariance Analysis versus Monte Carlo Simulation

Verification of the complete augmented error model, including

driving noises, was done by comparing the results of a Monte Carlo simu-

lation and a covariance analysis implemented through SOFE as described

in Appendix A. Rather than use the state-of-the-art model for the laser

gyro and accelerometer developed in Section II, error characteristics of

older generation sensors were used (Ref 7). Essentially, this results in

the same basic error equations but different initial conditions and

driving noise strengtl.. These error model values are listed in Appendix

E. The benefit of using sensors with higher noise characteristics is

that it allows for easier comparison of results and also provides a base-

line whereby the introduction of better sensors should cause improved

performance in the simulation. Another consideration in using the older

filter model is that the gyro scale factor nonlinearity error is not

addressed, in that model, thus allowing for a more meaningful comparison

of covariance computations and Monte Carlo statistics.

Both the truth model and the filter model of the strapdown inertial

reference system were driven by the same highly dynamic flight trajectory.

This flight profile was developed by the Air Force Avionics Laboratory

and simulates an F4 in combat. The system's response to the specific

(profile was not considered; rather, the differences between the filter
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model and the truth model responses were compared. Plots of position,

velocity, and tilt errors resulting from a 50 run Monte Carlo simulation

using the truth model, and the covariance matrix of the filter model are

shown in Figures 7 through 24. For the truth model plots, the dashed

lines represent the average plus or minus one standard deviation, and

the solid line represents that ensemble average itself. The dashed lines

on the filter model plots represent the square root of the diagonal

element of the covariance matrix associated with that error state,

added to or subtracted from the assumed mean of zero.

Comparison of the plots obtained from each model shows that, al-

though, there are some higher frequency variations in the truth model,

the basic trends of each model are nearly identical. It is presumed

that, in the limit, as the number of Monte Carlo runs is increased, the

( differences between the results obtained from the two models will vanish.

However, for the purposes of the study undertaken here, the errors pre-

sent in the 50 run Monte Carlo simulation should be entirely acceptable.

Also, after comparing the plots from each model it was concluded that

the error models had been implemented correctly since two different

methods of implementation of the same system error model produced essen-

tially the same results.

Since comparable statistics were obtained from both Monte Carlo

and covarlance propagation, other factors must be weighed in the selec-

tion of one of these models to perform the error analysis. Although the

filter model requires only one run to generate the error statistics,

approximately the same amount of computer time is needed to generate a

50 run Monte Carlo simulation. Since these run times are relatively

large, a significant savings could be achieved by using the Monte Carlo
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SLATIIUDE ERROR AND STAN OEVS B9SEO ON 50 RUNS 1

Figure 9. ,'ean and Standard Deviations from 50 Runs

LHIITUOE-: A (ND -SOURRE ROOT OF VARIANCE

al

lflt 99a)C

Figure 0. qarc Root of Variance

94



I

944
+ ~.LTIIUOE ERROR ANO STAN OEV'S BASEO ON 50 RUN5Si

P

.... .. .....

0.0 106.0 ,04.0 34L 0 M o.M OMO .0 .O am. .0 £ ,10 0 I. 0 0.0 0.d jZ O

TI MC (%~CI

Figure 11. iean and Standard Deviations from 50 Runs

ALTITUDE: + AND - SQUARE ROOI OF VARIANCE

0.0 W ,. 0 0; ., 30o.0 ap0.0 o. NO.0 X0.o ;;0.0 B.9 10. 0 , o 0 o.0 ,,0o ,i,,.,,

Figure 12. Jquare Root of Variance

501 so I



EIST VELOCITY ERROR AND STAN DEV'S BASED ON 50 RUNS
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*NORTH VELOCITY ERROR AND STAN OEV'S BASED ON 50 RUNS
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UP VELOCITY ERROR i9NO STAN OEV'S BflSEO ON 50 RUNS

Figure 17, Mean and Standard Deviations from 50 Runs
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EAST TILT ERROR HNO STAN DEV'S BHSEO ON 50 RUNS
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NORTH TILT ERROR 9NO STAN OEV'S BfSEO ON SO RUNS
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AZIMUTH ERROR ANO STAN OEV'S BRSEO ON SO RUNS
4.4

dI

44

0.0 100.0 zv0.0 a48.0 Ndo .3 6O0;LO0 100.0 WO.0 qc0.a 1000. t160.0 IZiao. (360.0 p930.0

Figure 23. 1; can and Stanidard Deviations from, 50 Runs

AIZIMUTH: + RNO - SOUFRRE ROOT OF VARIANCE

a

Fig:ure 24. ,?uro;oot of Variance i

56i



method with fewer than 50 runs to set up the problems and obtain pre-

liminary data. Also, more information is available using the truth model

since, not only standard deviations, but ensemble averages of the error

states can be computed. Finally, the nonlinear gyro scale factor error

could be implemented in a direct fashion in the truth model, but would

be difficult to account for in the covariance matrix of the filter model.

Therefore, the Monte Carlo simulation method using the truth model was

chosen to be used in the error analysis.

Number of Monte Carlo Runs

It is desired to keep the number of Monte Carlo runs as small as

possible, but still obtain meaningful results. For problem setup and

debugging one run is sufficient, but the data generated has little value

since it is Jr . ine sample from a random process. Using the same F4

trajectory as in the previous comparison, the number of Monte Carlo runs

was decreased from 50 to 20 runs. Two of these plots, vertical velocity

and azimuth error, are shown in Figures 25 and 26. Comparing these plots,

respectively, to those in Figures 17 and 23 shows some deivations, but

major trends are still very much the same. Plots of the other error

states show even less variation between the 50 run and the 20 run simu-

lation. Therefore 20 run Monte Carlo simulations will be used for pre-

lminary analysis with the number of simulations being increased to 50

for finer detail and final analysis.

Baron-nertial Gains

One portion of the simulation program still remains to be investi-

gated. In the development of the baro-inertial aiding equations for the

* (vertical channel in Section II, the values of the gains KI, K2, and K3

were arbitrarily chosen equal to magnitudes previously used in the
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Litton CAINS navigator (Ref 17). Referring to Figures 11 and 17, alti-

tude and vertical velocity error, it is seen these values of gain did

produce a stable vertival channel: the primary requirement of the baro-

metric altitude aiding.

It was proposed in Reference 18 that optimizing techniques could

be used to determine gains such that altitude changes could be tracked

more closely. The problem encountered in applying these techniques is

that the gains depend upon the strengths of the noises present in the

system. Therefore, the best results would be obtained by optimizing

the gains individually for each different inertial reference system. A

set of gains proposed in Reference 18 for a typical inertial reference

system is

-1
K = 1.003 sec
1
K = 4.17x10 "3 sec (35)

2-6 -3K3 = 4.39x10 sec

These values were inserted in the simulation and flown over the

same F4 trajectory that was used previously. Altitude and vertical vel-

ocity errors from a 50 run Monte Carlo simulation are shown in Figures

27 and 28 respectively. Comparing these to Figures 11 and 17 shows a

smaller standard deviation of the error using the gains in Equation (35).

However, the new values of gains also introduce a higher frequency com-

ponent in variation of the error. This higher frequency requires a

smaller step size in the fifth order integrator that propagates the sim-

ulation and results in considerably longer computer run times. Although

~Figure 27 and 28 represented an improvement in the system er~or, there

was no detectable difference between the corr,sponding plots of the
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other error states. Therefore, in an effort to minimize computer run

time, the original gains will be used in the baro-inertial altitude

aiding equations.

State-of-the-Art Error Model

The basic structure of the inertial reference system error model

was developed and verified using older generation linear models of the

sensors. One of the objects of this was to provide a baseline such that

the improved sensors should show better error characteristics in the

simulation. To verify this assertion, the state-of-the-art error model

developed in Section II was driven by the same F4 trajectory used pre-

viously. The plots displayed in Figures 29 through 37 show that the

standard deviations of the error states are significantly less then

those in Figures 7 through 23.
j

In the development of the gyro scale factor nonlinearity, the peak

error contribution was scaled to match empirical scale factor linearity 4

data. The relative values of the scale factor nonlinearity and the other

errors in the model suggest that the nonlinearity is not a major source

of error. This was verified by using the same flight profile with a

linear gyro scale factor. As expected, the ensemble average of the error

states is essentually the same in each case. Since Figures 29 and 31

showed a slight tendency to deviate from a zero mean, the corresponding

plots for the linear scale factor were selected and are shown in

Figures 38 and 39. The results of not scaling down the original non-

linear describing function are shown in Figures 40 and 41. In both the

longitude and east velocity plots shown, the ensemble averages diverge

(- considerably from a zero mean value resulting in the nonlinearity being

the dominant error source for the inertial reference system.
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V. Flight Profiles

The objective of the flight profile development is to provide a

highly dynamic environment for the inertial sensors so that the result-

ing reference system errors can be studied. Air to air combat appears

to be one of the most dynamic environments for an aircraft; therefore,

the flight profiles will be based on that type of scenario. The approach

will be, not to develop specific combat maneuvers,' but to subject the

sensors to loads typical of these maneuvers.

Two types of dynamic flight profiles will be developed initially.

A "training" mission will be developed containing both highly dynamic

and sinusoidal maneuvers. This will follow the development of a "combat"

mission with more severe dynamic maneuvers and less sinusoidal content.

The system errors generated by these two flight profiles will be the

basis of the subsequent error analysis.

Performance

The F15 was chosen to represent today's air superiority fighter

aircraft and to be the basis for the construction of flight profiles.

The data in Table 12 was developed as a guideline for performance from

many sources (Ref 11, 16). This table was compiled to represent maximum

performance for a fighter in an air superiority role and will be used

as the upper limit in the flight profile development.

Also, as an aid in constructing flight profiles, data was extracted

from a tape of an F15 air-to-air combat engagement flown during aircraft

combat evaluation tests (ACEVAL) at Nellis AFB in 1977 (Ref 11).

In addition to aircraft performance, the pilot's ability to sus-

( thin high accelerations must also be considered. This data was developed

by the Aerospace Medical Research Laboratory and made available by
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Performance Maximum Value

Nominal Roll Rate 225 deg/sec

Roll Time Constant 0.5 sec

Forward Acceleration 1 g

Positive Turn Acceleration 7.5 g

|Negative Turn Acceleration 3 g

Altitude 60,000 ft

Speed Mach 2.5

Range 350 nm radius

Table 12. Repres,.,.ative Fighter Maximum Performance
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* Capt Robert A. Mercier (Ref 10). The average ac-eleration that a typi-

cal pilot can sustain while performing combat maneuvers is plotted in

Figure 42. Average g's is determined by the equation

Average g's = Accumulated g's x Time Held (36)

Time in Combat

I

The pilot retains full capacity when below the lower line of the plot

and passes out if average maneuver acceleration falls above the upper

line. The flight profiles developed for this simulation were designed to

be near the top line in the "combat" mission case and more toward the

bottom line for the "training" mission.

Combat Flight Profile

The "combat" flight profile, shown in Figures 43 through 47, sim-

ulates the highly dynamic loads present during air to air combat. To

conserve computer time, the mission was compre" cteen minutes

from takeoff to landing. Each of the 50 maneu. ied for this

mission are listed in Table 13. In the table, time is specified in

seconds from the start of the mission. Acceleration is divided into

acceleration along the path of the flight and acceleration, generated by

maneuvers, which is tangential to the flight path,

The-mission starts at 38 degrees north latitude, 75 degrees west

longitude, at an altitude of 200 feet. From this point the aircraft

initiates a maximum performance climb up to a cruise altitude of

30,000 feet. After level off, the airr-4-L %,-celerates to supersonic

airspeed and dashes toward the point of interception. The pilot looks

down by performing a 45 degree roll, followed by a descent to 10,000

feet. Highly dynamic combat maneuvers are simulated at thi' point by
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4 Segment Time Maneuver Degrees Tangent g's Path g's V

0.0 Pitch 50.3 7.33 0

2 5.0 S traight 0 0 0

3 61.77 Pitch -50.3 3 0.3

4 76.77 Turn -45 7.33 0.4

5 81.77 Straight 0 0 1.0

6 104.1 Straight 0 0 0

7 154 Roll 45 0 0

8 155 Roll -45 0 0

9 156 Pitch -25 3 0

10 169 Turn 30 7.33 0

11 174 Straight 0 0 0

12 190.86 Pitch 25 7.33 0

13 197 Turn 270 6 -0.1

14 252 Turn -180 7.33 -0.3

15 271 Turn 40 7.33 -0.4

16 277 Turn 20 7.33 0

17 281 Turn 10 7.33 0

18 284 Turn 60 7.33 0

19 291 Straight 0 0 0

20 351 P i tch 40 7.33 -0.5

21 357 Roll 180 0 0

22 359 Pi tch 30 7.33 0

23 364 Roll -180 0 0

24 366 Pitch 3 7.33 0

( 25 369 Roll -180 0 0

Table 13. Combat Flight Profile
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Segment Time Maneuver Degrees Tangent g's: Path g's 

26 371 Pitch 60 7,33 0

27 W38j Straight 0 0 1

28 39L Roll -180 0 0

29 392 Pitch 30 7.33 0

30 398 Turn -210 3.0 0

31 450.9 Straight 0 0 -0.8

32 538 Pitch 25 6.0 0

33 542 Turn 35 6.5 -0.2

34 547 Turn 25 5.5 -0.2

35 551 Turn -15 4.5 -0.2

36 555 Turn 45 3.5 0

37 563 Pitch -25 4 0

38 570 Straight 0 0 0

39 600 Pitch -25 4 0

40 607 Turn 35 6.5 0

41 611 Turn 25 4 0

42 616 Turn -15 3.5 0

43 620 Turn 45 4 0

44 628 Pitch 55 2 0

45 652 Straight 0 0 0

46 654 Pitch -37 1 0

47 686 Straight 0 0 0

48 737.5 Turn -400 3 -0.111

49 859.5 Roll 360 0 0

50 775 Pitch 7 1.5 -0382
lL

Table 13. (continued)
I
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performing an arbitrary series of high acceleration vertical and hori-

zontal turns. This is followed by a gradual descent toward home base

which includes the performance of a 360 degree roll and a 400 degree

turn. The mission is terminated at zero velocity near the starting

point.

It should be noted that although the maximum tangential accelera-

tion is specified the same (7.33 g's) for many maneuvers in Table 13,

this is not the acceleration held throughout the turn. All of the turns

in PROFGEN are coordinated; therefore, tangential acceleration starts at

zero with wings level and increases with roll angle until the maximum

is reached. Therefore the average tangential acceleration sensed for a

small turn at low airspeed would be considerably less than the average

for a large turn at high speed, although the same maximum acceleration

( was specified for each case.

Training Flight Profile

The "training" flight profile, shown in Figures 48 through 52,

represents less severe maneuvers with longer durations and more sinusoi-

dal motion. Sinusoidal maneuvers will be performed at arbitrary fre-

quencies to determine, in general, whether errors are compounded or just

oscillate. Overall time for this profile, 15 minutes, is the same as the

combat profile, but only 20 maneuvers are performed.

The starting point is the same as the combat profile, but in the

training mission a gradual climbing turn, at 30 degrees of bank, is made

to cruise altitude. This is followed by sine wave maneuvers; and turns,

rolls, and loops of 360 degrees or more. Each maneuver is specified in

Table 14. The overall errors generated by these large maneuvers will be

(compared to the overall errors induced by the numerous smaller maneuvers

__ _ _ _7
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Segment Time Maneuver Degrees Tangent g's Path g's

1 0 Pitch 15 5.5

2 2 T urn 285 0.577 0

3 158.94 Pitch -15 2 0.2

4 165 Straight 0 0 0

5 195 Sine 40 1 0

6 225 Straight 0 0 0

7 255 Pitch -20 3 0.1

8 261 Turn -480 2.5 0

9 331 Pitch 20 4 -0.2

10 335 Straight 0 0 0

11 365 Pitch 360 3.5 0

12 431 Straight 0 0 0

13 461 Pitch -360 2 0

14 622 Turn -140 4 0

15 652 Roll 720 0 0

16 659 Straight 0 0 0.3

17 689 Sine -20 0 0

18 761 Straight 0 0 0

19 791 Turn 640 4.5 0

20 887 Straight 0 0 0

Table 14. Training Flight Profile
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2

in the other flight profile.

In the development of the previous mission, the flight profile

generator, PROFGEN, was found to exceed the aircrafts performance speci-

fications during some maneuvers. This resulted in the modification of

PROFGEN so that realistic trajectories could be generated. These changes

will also be used here.

As with the combat mission, roll and turn maneuvers are based upon

a representative roll time constant; however, the sine maneuver is not.

The equation PROFGEN used to compute roll rate, , is

64.4 v ip 2 cos2t (37)

(32.2)2 + (v , w sin2wt)
2

where

v = Total Velocity

= Maximum Heading Change

w = Frequency of Sine Maneuver

At t = 0, the start of the sine maneuver, roll rate is2I
=2 v 2 / 32.2

which is the maximum value of Equation (37). Therefore, even if '

and w were chosen to conform to the aircraft's roll time constant, an

unrealistic maneuver Is performed since a step increase in the value of

roll rate occurs at the beginning of each sine maneuver segment. The

step input will have to be taken into consideration in the analysis of

( the errors induced by the training flight profile.
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VI. Error Budget

Each type of error source will be propagated seperately over a

highly dynamic flight trajectory in order to determine the relative con-

tribution of each kind of the sensor errors to the overall inertial re-

ference system error. The "combat" flight profile will be used for this

analysis since it contains more manuevers with higher acceleration loads

than the "training" flight profile. This profile should generate a

broader spectrum of system errors by exciting more sensor errors.

The plots of the ensemble averages over 50 Monte Carlo runs of the

error states from each error source plus and minus one standard deviation

(sigma) will be compared to baseline plots obtained from propagating just

the initial conditions with no sensor errors. These baseline plots are

shown in Figures 53 through 61. Since the initial values of tilt and

azimuth errors are functions of many of the sensor errors, these initial

conditions will change depending upon the particular error state being

analyzed.

In contrast to the system error obtained from just the initial

conditions, Figures 62 through 70 are plots of the error standard de-

viations as a result of the contributions of all of the error sources.

These plots were developed based upon a normal long alignment. A

shorter alighnment, as will be shown in this section, would generate more

system error.

The second column of Table 15 represents the percent of error,

relative to the error generated by all the error sources, induced into

the system by just the initial conditions. This percentage was estimated

( by comparing the maximum value of the standard deviations for each type

of plot. For subsequent comparison of the contribution of each error
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Figure 53. Longitude error state from initial conditions
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Figure 55. East vel. error state from initial conditions
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Figure 59. East tilt error state from initial conditions
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Figure 62. Longitude error state from all noise sources
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Figure 66. Altitude error state from all noise sources
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Figure 69. East tilt error state from all noise sources
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source, the maximum value obtained from propagating just the initial

conditions was subtracted from the maximum obtained with the error source,

then the percentage is computed. In all cases, the final value of the

longitude and latitude error states are the maximum value. The vertical

channel, in most instances, is compared at the peak standard deviation

value resulting from the initial climb. In addition to changing the

driving forces of the vertical channel, the error sources also change

the damping of this closed baro-inertial loop. In some cases this re-

sults in variations that exceed the maximums obtained from the presence

of all error sources, as shown in the fifth column of Table 15. Many

of the standard deviations of gyro induced tilt errors reached maximum

values just before the -400 degree turn at t = 737.5 seconds cancelled

much of the error built up by turns in the opposite direction. In the

cases where the initial velocity standard deviations are the maximum

value, the difference between the standard deviations at the final time

was the basis of cemparison.

Additional tables, constructed in the same manner as Table 15, will

be used for comparison of individual accelerometer errors and individual

gyro error contributions to the overall system error. Since the contri-

butions of error sources are calculated at points which best reflect

their relative contribution to the overall error, and vertical channel

damping is variable; the square root of the sums of the squares (RSS) of

the percentages of contribution will not, in general, be 100 percent.
I

It should also be noted that the tables show some error sources

contribute more to one of the horizontal channels than the other. This -

is a result of the predominatly north-south orientated flignt profile

shown in Figure 43. Therefore, scale factor type of error sources would
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cause more error in the predominant north-south direction, while mis-

alignments would couple errors into the perpendicular, east-west direc-

tion.

Table 16 was developed to show the relative contribution of the

sensor error sources to the initial alignment error of the tilt and

azimuth error states. This percentage was derived from the ratio of the

standard deviation induced by an individual error to that induced by all

the sensor errors. These alignment error sources are not independent,

since a change in heading will increase the contribution of some of the

sources, while decreasing that of the others. Therefore, especially for

azimuth, the RSS value of all the percentages of contribution will not

necessarily be 100 percent.

In addition to these tables, a word description rather than the

inclusion of a plot will be used to point out simple trends resulting

from the error sources. The plots selected to illustrate more complex

detail have been consolidated in Appendix H since they will be referenced

in both this section and the following section.

Accelerometer Errors

The ensemble averages and standard deviations of the error states

resulting from propagation of just the accelerometer over the flight tra-

jectory are shown in Figures H-l through H-9. With the exception of the

damped vertical channel, virtually none of the dynamics of the trajectory

are reflected in these error plots. The slight variations in the north

velocity error correspond to large turns initialed at 197, 398 and 735.5

seconds.

Accelerometer errors, through the relationships in Equations (23)

and (25), cause most of the tilt errors during initial alignment. The
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resulting north tilt error, in turn, causes a small initial azimuth error

due to the first term in Equation (27). The standard deviations of these

initial errors, shown in Figures H-7 through H-9, remain relatively con-

stant throughout the mission.

The third column in Table 15 shows the percentage of error (based

on comparison of maximum values) that the accelerometers contribute to

the overall system error. Comparison of these values to those resulting

from just the initial conditions show that, in general, the accelerometer

errors had a smaller adverse impact on the performance of the navigation

system. However, introduction of the accelerometer errors did cause more

variation of error in vertical channel as seen by comparing Figures H-5

and H-6 to Figures 47 and 48.

The contributions of each type of accelerometer error to the over-

all system error is shown in Table 17. Each of the error sources will be

discussed.

Accelerometer Bias. Accelerometer bias, as shown in Table 16, is

a factor in the initial alignment accuracy of the tilt error states and

indirectly has a small effect on initial azimuth error. These three add-

itional initial errors and the bias errors contribute to the velocity

differential error equations. The resulting velocity error is then inte-

grated to give position errors. Both position and velocity errors are

terms in the tilt and azimuth differential error equations, and therefore

the cycle continues.

The standard deivations of tilt and azimuth errors grow smoothly

to the maximum relative relationship shown in the second column of

( Table 17. This same linear growth is also true for the latitude and

longitude error states. The horizontal velocity standard deviations,
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however, start at their maximum value and gradually decrease. The percent

-of system error contributed by these states was determined by comparison

of the standard deviations at the final time. Slightly more oscillation

than that observed from just the initial conditions was apparent in the

vertical channel, but this contribution is insignificant relative to the

total vertical error.

Accelerometer Scale Factor Error. Scale factor errors contribute

about the same amount of error to the system as accelerometer bias errors,

as a result of this flight trajectory. Unlike bias, the scale factor

errors do not contribute to the initial tilt and azimuth alignment errors,

but the standard deviations of these error states grows iinearly until

the maximum is about equal to the bias-induced errors.

Table 17 shows that the horizontal velocity error standard de-

viations for the scale factor induced errors are less than those induced

by the bias errors. Yet, the position error standard deviations are

equal to or greater than that caused by the bias errors. In each case,

the initial velocity error standard deviation was the maximum value

followed by a gradual decrease. However, the standard deviation for scale

factor induced velocity error remained at a higher value longer and dropped

slightly faster toward the end of the mission. Integration of the higher

average velocity error resulted in more scale factor induced position

error.

Accelerometer Misalignment. Misalignment is the dominant source

of accelerometer induced system errors. The third column of Table 16

shows that this error source is the cause of most of the initial tilt

errors and some of the initial azimuth error. Unlike the bias induced

(. initial errors, whose standard deviation grew as the flight progressed,
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these three higher initial standard deviations remained relatively con-

stant throughout the mission.

The standard deviations of the east and north velocity errors, as

shown in Table 17, are considerably higher for the misalignment induced

errors than any other accelerometer error source. This relatively high

velocity error would have a large impact on position error when integrated

over a longer flight profile.

The oscillations produced in the vertical channel are nearly iden-

tical in size and in shape to those produced by the combination of all

accelerometer errors shown in Figures H-5 and H-6.

Accelerometer Second Order Errors. Second order error sources

were included in the accelerometer error model as a result of the com-

parison of their maximum impact on system error to that caused by other

{ error sources. These relationships were shown in Table 6. The percentages

of total error contributed by these sources, shown in Table 17, confirm

that the system errors generated are not insignificant. In fact, the

standard deviation of latitude errors and north velocity error contribute

the same percentage of total evror as accelerometer bias.

When the quadratic and cross scale factor second order error

source types are considered seperately, each produces the same percentage

of error as the other. However, in almost every error state, the stan-

dard deviation is more when just one type of error source is present than

when the two second order sources are combined. This result is not con-

tradictory since specific force excites both of these error sources, but

the quadratic error remains positive while the cross scale factor error

changes sign, causing some cancellation of the error.

The second order errors cause the tilt and azimuth standard
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deviations to grow linearly from zero to the maximum percentage of error

shown in the fifth column of Table 17. The standard deviations of posi-

tion errors 3.art at their initial values and gradually increase, while

the velocity error states gradually decrease from their initial value.

The percentage of total error for each of these error states is computed

based upon their relative value at the final time.

Accelerometer Correlated Noise. Correlated Noise produced a sys-

tem error similar in magnitude to that of bias and scale factor induced

error. Table 16 shows that this noise source also contributed a small

amount of initial alignment error.

Although the relative magnitudes vary slightl", as seen in Table

17, the system plots obtained from both the accelerometer bias and cor-

related noise are nearly identical in shape. The tilt, azimuth and posi-

( tion errors gradually grow from their initial values to the maximum per-

centage of overall error shown in the table. The velocity errors de-

crease gradually from their initial standard deviations until the final

time where their relative contribution is tabulated. Correlated noise

causes slightly more oscillation in the vertical channel than the accel-

erometer bias.

Accelerometer White Gaussian Noise. Overall, the white noise

contribution to the inertial reference system error is the least signi-

ficant accelerometer error source. Comparison of the relative values

of the columns of Table 17 shows that in several error states even second

order errors were considerably greater than white noise induced system

errors.

In this simulation the white noise contribution is added directly("
to the velocity error states. A noise sample, weighted by the time
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interval between samples, is added periodically (every two seconds in

this case) to simulate the driving noise. The strength of the noise used

here, however, is not sufficient to alter trends established from just

the initial conditions. Therefore, the velocity error standard devia-

tions still gradually decrease from their initial values but end at a

slightly higher percentage of total velocity error than those caused by

just the initial conditions. Again, position, tilt and azimuth errors

gradually grow to a maximum standard deviation at the final time.

Gyro Errors

Gyro errors are the dominant source of error for this strapdown

inertial reference system. The system errors caused by the gyro error

sources, unlike the accelerometer error sources, strongly reflect the dy-

namics of the flight trajectory driving the simulation program. The

standard deviations of the error states generated by just the gyro errors

(and initial conditions) are shown in Figures H-10 through H-18. With

the exception of the position errors, each of these plots show variations

due to specific maneuvers.

The gyro errors are terms in the tilt and azimuth differential

equations. These error states, as seen in columns 7, 8 and 9 of Figure

4b, are multiplied by specific force and become terms in the velocity

differential equations. Velocity error is integrated to give position

error and both, in turn, cause more tilt error. Each integration of the

induced error provides some smoothing, therefore, rapid changes in tilt

error results in the gradual growth of position error shown in Figures

H-10 and H-lb.

( Through the alignment process of nulling the east component of the

earth's rotation rate, the gyro errors contribute most of the initial
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azimuth error. This is reflected in the relative percentages of total

initial error shown in Table 16. Figure H-18 shows that the gyro error

sources cause the standard deviation of azimuth error to remain relatively

constant throughout the mission. Comparison of the percentages of total

error listed in Table 15 shows that this is the major source of azimuth

error.

The gyro errors do not contribute to the initial tilt erros.. but

Figures H-16 and H-17 show that specific maneuvers cause large variations

in these standard deviations leading to the maximum percentage of error

shown in Table 15. This table shows the gyro error sources contribute

both the largest percentage of tilt errors and the largest percentage of

velocity errors. These standard deviations of east and north velocity

error shown in Figures H-12 and H-13, unlike the accelerometer induced

errors, have prominent variations as a result of the flight trajectory.

The velocity and north tilt error standard deviations reach a maximum at

the final time, while that of east tilt peaks before a large turn cancels

some previously built up system errors.

The initial conditions resulted in greater position errors than

those induced by the gyro errors sources. However, for a longer flight

time, integration of the larger gyro induced velocity errors would result

in considerably larger position errors.

Gyro error sources produced about the same amount of error in the

vertical channel as the accelerometer error sources. However, this is a

relatively small percentage of the total error.

The contribution of each type of gyro error to the overall error

is shown in Table 18. Each of these gyro error sources will now be dis-

cussed.
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Gyro Bias. Gyro bias errors are modeled as random constants in

the tilt and azimuth differential equations. Therefore, these terms do

not directly couple the dynamics of the flight trajectory into the error

states. This type of error source causes the standard deviations of the

tilt errors to grow linearly from zero to the maximum percentage shown in

Table 18. Azimuth error, on the other hand, has an initial alignment

error that is caused by gyro bias. Table 16 shows that this is the major

source of initial azimuth error. The standard deviation of azimuth error

remains constant throughout the mission and accounts for about half of

the total error as seen in Table 18.

Azimuth error, multiplied by the specific forces shown in the

ninth column of Figure 4b, are terms in the velocity error differential

equations. Figures H-19 and H-20 show the resulting variations in the

east and north velocity standard deviations. Comparison of these two

plots to Figure H-12 and H-13 shows that this is the major source of

variation in the standard deviation of velocity error, but does not

account for its increasing trend or variations of the mean.

As is the case with most of the other error sources, the standard

deviation of the gyro bias induced position error increased smoothly to

the maximum percentage shown in Table 18. Also, slightly more variation

was apparent in the vertical channel than obtained with just the initial

conditions, but this was insignificant compared to the overall vertical

error.

Gyro Scale Factor Error. The gyro scale factor errors multiplied

by angular velocity are terms in the tilt and azimuth differential error

equations. This directly couples some of the dynamics of the flight

trajectory into these error states as shown in Figures H-21 through H-23.
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The standard deviations of the tilt errors grow in steps until they re-

present about one fourth of the total.

From the relationship established in Equation (27), it is seen

that the scale factor error multiplied by the north component of the

earths rotation rate contributes to the initial azimuth error. Table 16

shows, however, that this is a small percentage of the overall alignment

error. From the initial standard deviation, as shown in Figure H-23, the

azimuth error increases steadily, but has several minor variations due to

specific maneuvers.

The tilt and azimuth errors multiplied by specific force are terms

in the velocity differential equations. Integration results in a smooth

standard deviation of velocity error that gradually decreases for the first

two thirds of the mission followed by a slight increase during the final

portion. The overall result is about the same percentage of velocity and

position error as the gyro bias produced system error.

G ro Misalignment. Misalignment is a dominant source of gyro error.

Table 18 shows, however, that while the percentage of longitude error from

this source is large, latitude error is small. This difference is due to

the predominant north-south orientation of the flight trajectory shown in

Figure 43. Inspection of the fundamental submatrix shown in Figure 41

shows that for a northerly heading (C = C = -C 1), the termsey nx uz
multiplying misalignment errors in the east velocity differential equat-

ion are -w and w while for north velocity they are w and -Wy (G is the

angular velocity of the body frame with respect to the inertial reference

frame). Since roll rate is a factor in wx this term is generally much

higher than the other terms resulting in more east velocity and longitude

error. I
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This directional dependence is seen explicitly in Figure H-24.

The slope of the standard deviation of east velocity error increases as

the turn to a north heading is completed after 400 seconds of flight time.

Figure H-24 also shows along with Figure H-25 that, while bias induced

error accounted for most of the variations in the standard deviations

shown in Figures H-12 and H-13, misalignment error causes the increasing

trend.

Figures H-26 through H-28 show that gyro misalignments produce

abrupt changes in the tilt and azimuth error states as a result of the

flight trajectory. The resulting growth in the standard deviations of

these error states leads to the largest percentage of overall error as

shown in Table 18. Figure H-28 also shows that gyro misalignment produces

a small initial azimuth error. This is error resulting from sensing

earth rate during alignment.

Gyro White Gaussian Noise. As discussed in Section II, the out-

put error of the ring laser gyro is better characterized by a white

Gaussian noise component rather than by exponentially time-correlated

noise or the limit thereof for long correlation time, random walk, which

is typical of mechanical gyros. It is a physically wider band noise pro-

cess in laser gyros than mecha, cal gyros. This noise directly drives

the tilt and azimuth differential error equations resulting in the error

shown in Figures H-29 to H-31.

The standard deviations have, as expected, an increasing trend,

but also have a wavering component. This is due to the simulation program

which approximates the driving noise by periodically adding noise samples

weighted by the time interval between samples. A smaller time interval

( Jthan two seconds used here would have produced less varidtions. Table 18
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shows that white Gaussian noise contributes only a small percentage of

the overall system error. The standard deviations of the east and north

velocity errors decrease smoothly from their initial values and those of

latitude and longitude gradually increase. Slightly more oscillation is

apparent in the vertical channel than that caused by just the initial

conditions.

Gyro Scale Factor Nonlinearity. The nonlinearity is added .to the

scale factor error as shown in Equation (13). Table 18 shows that the

nonlinear contribution has almost no effect on the growth of the standard

deviations of the error states. However, as shown in Figures H-32 through

H-34, the ensemble averages of the tilt error states vary considerably as

a result of the dynamics of the flight profile. The cummulative effect

of these variations is a slight increase in the mean values of longitude

and east velocity error, and a small decrease of the latitude and north

velocity error.

The small effect of the nonlinearities on the error standard devi-

ations was expected since the flight profile was not specifically con-

structed to excite this error source. None of the rolls or turns per-

formed during this mission were designed to maintain a roll rate in the

nonlinear region shown in Figure 3. The nonlinear error source was only

excited while the roll rate was in transition through the region. An

.icrease in the magnitude of the scale factor nonlinearity causes con-

siderable deviation of the mean, but no detectable change in the growth

of the standard deviations.

Barometric Altimeter Errors

(Barometric altimeter errors are the dominant error source for the

vertical channel. As shown in Table 15, both the altitude and up
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velocity percentages of total error are two orders of magnitude larger

than that obtained from any other error source. The standard deviations

of these two error states is virtually identical to Figures 66 and 67.

Although this error is significant, a relatively small amount of error is

coupled into the horizontal channels.

Table 15 shows that barometric errors generate more latitude error

than longitude errors. Again, this is a result of the predominently

north-south orientated flight profile shown in Figure 43. Inspection of

the third column of Figure 4b shows that north velocity, through the re-

lation Pe = -Vn/R, multiplied by altitude error is a factor in the lat-

itude error differential equation. The factor pe also multiplies the

vertical velocity error in the north velocity error differential equat-

ion resulting in more north velocity error than that in the east direction.

More east tilt error than north tilt error is also a result of the

factor pe'

Gravity Errors

Gravity error sources, like the accelerometer errors, contribute

directly to the initial tilt errors and indirectly (through the first

term in Equation (27)) to the initial azimuth error. The relative a-

mount of this initial contribution is shown in Table 16.

Although gravity errors contribute little to the growth of the

vertical channel standard deviations, they do cause some variation in the

mean values of altitude and up velocity error. This is shown in Figures

H-35 and H-36. Each deflection of the mean corresponds to a large hori-

zontal turn. Referring back to Table 7 shows a large difference in the

standard deviations of the east-west and north-south deflections of

gravity. This difference would cause variations in system error with a
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change in the direction of flight. However, the higher strength of the

east deflection of gravity also should cause more east velocity and long-

itude error, but Table 15 shows just the opposite. This is misleading

because the entries in this table are percentages relative to the error

generated by all sources. More total longitude and east velocity errors

were generated than latitude and north velocity errors, which caused the

apparent difference.

Short Alignment Time

The inertial reference system alignment process is assumed to

occur in two steps. First, the computer determines local level by sen-

sing the gravity vector through the accelerometers. Then an azimuth re-

ference is found by nulling the east component of the earth's rotation

rate vector as sensed by the gyros. Since the gravity vector is a rela-

tively large quantity which can easily be detected by the accelerometers,

the computer can rapidly determine the transformation necessary for a

local level coordinate frame. However, this is not the case during the

second portion of the alignment. The earth rate vector is relatively

small which makes it difficult for the computer to determine the precise

direction of zero earth rate (the east direction). The longer time the

computer has to solve the problem, the more accurate the azimuth reference

is.

As developed in Section I, a long alignment has tilt errors

directly related to accelerometer and gravity errors, and azimuth error

is mostly a function of gyro errors. To simulate a shorter alignment,

the initial ezimuth has an added Gaussian random sample of 3 arc min

standard deviation.

( The major impact of the short alignment time is shown In
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Figures R-37 and H-38. These variations in the velocity standard

deviations are similar to those caused by gyro bias. The ninth column

in Figure 4b shows that the azimuth error multiplied by specific force

is a component in the velocity differential equations, Changes in

these specific forces as a result of high g turns cause the steps and

peaks shown in the velocity error state plots.

The relative contribution of a short alignment time to the other

error states is shown in Table 15.

Error Budget Conclusions

Table 15 shows that gyro error sources contribute the most overall
I

error in the strapdown inertial reference system analyzed here. Although

the barometric altimeter errors induce the most error in the vertical

channel, relatively little of this error is coupled into the other error

( states. The position error resulting from just the initial conditions is

more than the gyro induced position error, but the velocity errors

caused by gyro error sources are considerably higher than those from the

initial conditions. Therefore, a longer time of flight would result in

more gyro induced position error as a result of integration of the

velocity errors.

Accelerometer error sources in general did not couple any of the

dynamics of the flight trajectory into the error state equation. However,

each error source did cause a difference in the trend of the standard

deviations of the error states. Misalignment was the major source of

accelerometer induced error. It was not only the largest cause of

variation of the standard deviations but was the major source of :,vitial

alignment tilt error.

The gyro error sources cause specific maneuvers in the flight
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trajectory to be reflected by changes in the inertial reference system

error. Again, misalignment was the major source of this error. This

caused rapid variations in the tilt and azimuth error states and intro-

duced an increasing trend in the velocity states. Gyro bias caused the

most initial azimuth alignment error. This higher error coupled trajec-

tory variations into the velocity error states. Scale factor errors in-

duced variations in the tilt error state, but not to the extent of the

gyro misalignment errors. The scale factor nonlinearity introduced

variation in the error state mean values but had little cummulative

effect.

Gravity errors did make a small contribution to the system error,

as seen in Table 15. The amount of this error varied slightly with the

direction of flight.

For the time of flight used in this simulation, a short alignment

time causes a system error that is comparable to gyro bias induced error.

This is because each causes a large initial azimuth error.
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VII. Error Analysis

While the previous section was concerned with determining the con-

tribution of each error source to the overall system error, this section

investigates the specific maneuvers and combinations of maneuvers that

particularly excite these errors. Since gyro errors induced the most

significant trajectory-dependent variations in the error states, the

plots of the specific contributions of each of these error sources, in-

cluded in Appendix H, will be used to help determine the effects of each

maneuver. These plots are a result of the "combat" flight profile shown

in Figures 43 through 47.

The errors generated as a result of the "training" flight profile

will then be compared to those obtained previously. This profile, as

shown in Figures 48 through 52, is the same time length as the "combat"

flight profile but is made up of 20 segments of longer duration with

more sinusoidal content and lower accelerations.

Error Generated from Pitch Changes

The pitch-up initiated at t = 2 seconds produces a step increase

in the standard deviation of north tilt error (Figure H-27) and a smaller

increase in that of east tilt error (Figure H-27). Althougi, hese changes

do not dominate over the initial tilt alignment errors (Figures 68 and

69), they clearly show how the flight trajectory interacts with the error

sources. With the aircraft heading north, the pitch-up generates an

angular rotation vector in the east direction. This vector is multiplied

by scale factor error to become a term in the east tilt differential

error equation and by misalignment error to become a term in the north

tilt differential equation. More north tilt error is generated since

misalignment is the predominant gyro error source. Inspection of
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Figures H-21 and H-27 shows that level off, initiated at t = 61.77 seconds,

negated most of the previous increase. Although the pitch down was made

at a slower rate, it was in exactly the opposite direction as the pitch

up and of longer duration. Had the aircraft turned 90 degrees before

leveling off, the scale factor and misalignment induced errors would

be in opposite channels than the pitch-up and not result in the cancelation

previously observed.

The overall result of these two maneuvers is that during the climb

some tilt errors are present in the system. These tilt errors, multiplied

by specific force, are terms in the velocity differential equations.

Therefore, through integration, velocity errors and subsequently position

errors are generated as a result of the climb. Since position and velocity

errors are factors in the tilt differential equations, a slight increase

( in overall tilt error would be expected in spite of the cancelling effects

of these two maneuvers.

The above analysis shows two characteristics of the system error

that will be prevalent, although not always explicitly stated, throughout

the error analysis. First, the propagation of the error is directly

dependent upon the direction of flight. A change in direction between

maneuvers could cause either reinforcement or canelling of system errors.

Second, although variations in error appear to have a cancelling effect,

the overall system error, through integration of the error changes into

the other error states, is generally higher.

The coupling of the error states increases considerably when the

direction of flight is not in a cardinal direction as above. At time

t = 156 seconds, while the aircraft heading is 315 degrees, a -25 degree

pitch change is initiated. Figures H-25 and H-27 show that small steps

of about equal amplitude but in opposite directions are caused in the
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standard deviations of the tilt error states. Even smaller variations

result from the scale factor errors during this maneuver.

Numerous pitch changes in succession were performed in the time

period from t = 351 until t = 398 seconds. A 180 degree roll was made

before and after each pitch down maneuver. The aircraft was on a heading

of 205 degrees during these maneuvers so both roll and pitch changes

were coupled into each horizontal channel. Since a major portion of

the tilt errors are due to the roll maneuvers, the specific contributions

from the changes in pitch cannot be isolated in the plots. However,

the major trend, as shown in Figures H-16 and H-17, is clear. The east

tilt error, which had the most coordinate frame rotation because of the

180 degree roll maneuver, had a standard deviation which oscillated.

On the other hard, the north tilt error, without the reversals in the

I relationship of the body and navigation frame, built up a substantial

standard deviation of the error. The specific force generated by these

pitch maneuvers, fu' also induced small variationsi fi the velocity error

states shown in Figures H-19 and H-20.

Errors Generated from Turns

The first turn, initiated at t = 76.77 secopds, produced prominent

changes in the standard deviations of the error states. This was a 45

degree turn which started from a north heading./ The tangential accelera-

tion, therefore, rotates from west to south-west. From Figure 4b, it

is seen that west specific force, -fe' multiplied by azimuth erro is

a term in the north velocity error differential equation. Figure H-

20 shows that this relationship resulted in. a step increase in this standard

deviation. Little variation resulted in the east velocity error state

since most of the specific force was in a westerly direction, which
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is not a term in this equation.

Other gyro error sources also contributed some variation in error

during this first turn. Figure H-22 shows that the standard deviation

of north tilt error has a step increase resulting from the scale factor

error times the roll rate into the turn. A smaller step, due to the

45 degree change in heading, in the opposite direction is generated from

roll out at the turn's completion. East tilt error standard deviation

(Figure H-21), on the other hand, has just one increase (following a

decrease caused by a pitch maneuver) as a result of the angular velocity

of the turn itself reinforced at the end by a portion of the roll out

vector. The scale factor nonlinearities (Figures H-32 and H-33) also

caused these same type of variations in the mean of the tilts.

The tilt error standard deviations due to gyro misalignment (Figures

H-26 and H-27) have greater variations and effect each channel in the

opposite way as the scale factcr errors. A large step in the standard

deviation of east tilt error resulted from the roll into the turn, and

a smaller, opposite direction, step occurred on roll-out. The turn caused

a step increase in the standard deviation of north tilt error which was

reinforced by a portion of the roll-out vector.

Figure H-28 shows that the angular turn rate vector also increased

the azimuth error standard deviatio, as a result of misalignment.

The combined effect of these error sources did cause definite varia-

tions in the standard deviations of the error states with all error sources

present (Figures 64 through 70). Results similar to these, but in the

opposite direction, were obtained from the 30 degree turn initiated

( at t = 169 seconds. The errors generated by these turns were relatively ,

small compared to those induced by the larger turns.
, I

118
;0A



Two of these large turns were performed in succession. The first

was a 6g, 270 degree turn initiated at t = 197 seconds and ended at

t = 235 seconds. This was followed by a 7.33 g, -180 degree turn initiated

at t = 252 seconds and ended at t = 271 seconds. Figures H-19 and H-

20 show that each of these turns induced large oscillations in the velocity

standard deviations. Although the -180 turn, at 7.33 g, is generating

more specific force and therefore inducing more error into the velocity

differential equations; these figures show a smaller peak in this standard

deviation as the heading passes 180 degrees. This shows that other factors

including residual system errors from the 270 degree turn are influencing

the overall system error.

Both of these large turns resulted in substantial increases in

the standard deviations of azimuth and tilt errors as a result of the

same factors discussed previously. However, roll-out from the -180 degree

turn at t = 271 seconds produced a very large increase in the standard

deviation of north tilt error as a result of gyro misalignment (Figure

H-27). The roll-out heading of 75 degrees caused the misalignment error

to couple most of the roll rate vector into the north channel.

This same effect is also very apparent in the -400 degree turn

entered at t = 737.5 seconds with roll-out at t = 794 seconds. The air-

craft is on a heading of 175 degrees when the turn is initiated. Figure

H-26 shows a large variation in the standard deviation of east tilt error

induced by misalignment during the roll-in. Again, the error is induced

all in one channel because the aircraft is nearly on a cardinal heading.

, .Also, the decrease in the standard deviation is a result of residual

( system system error from previous manuvers. Specifically, two series

of turns, with a net result of a 180 degree right turn, were performed
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just before the -400 degree turn. The roll-in to the first turn of the

series at a heading of 355 degrees, and the roll-out of the last turn

at a heading of 175 degrees induced reinforcing errors into the east

channel as a result of misalignment. Rolling into the -400 degree turn t

induced the negative of these residual errors resulting in the sharp

drop in the standard deviation. Rolling out of the -400 degree turn

at a heading of 135 degrees induced little change, as a result of mis-

alignment, in either the north or east tilt error states.

Errors Generated from Rolls

The 45 degree roll and back initiated at t = 154 seconds did not

reach a high enough roll rate (based on a time constant of 0.5 seconds)

and was not of long enough duration to have induced any perceptible system

errors. On the other hand, the 180 degree rolls between pitch maneuvers

generated substantial errors. These rolls, on a heading of 205 degrees,

induced large changes in the standard deviations of the tilt error states

as a result of scale factor error (Figures H-21 and H-22) and gyro misalign-

ment (Figures H-26 and H-27) during the time t = 357 until t = 390 seconds.

The rolls also produced deviations in the mean as a result of the scale

factor nonlinearity (Figures H-32 and H-33).

The 360 degree roll initiated at t = 859.5 seconds produced some

very interesting results. Figures H-21 and H-22 show steps, in opposite

directions, in the standard deviations of the tilt errors as a result

of gyro scale factor error. However, Figures H-26 and H-27 show no change

in these error states from gyro misalignment as a result of this maneuver.

At this particular heading, 135 degrees, and as a result of the residual

system errors, the errors induced by misalignment in the tilt error states

" cancel each other. Referring to Figure 41 shows the term Cep'x in the
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east tilt differential equation and the term Cnp Ux in the north tilt

differential equations. But at a heading of 135 degrees, these elements

of the direction cosine matrix are equal. Figure 4b shows that these

two differential equations are coupled by the term -4 times the

east tilt error. It is this coupling with the same driving term

and the proper initial conditions that produces the observed cnacellation

of errors.

Errors Generated PI Acceleration Along Fli.ght Path

The only isolated occurrence of acceleration along the flight

path occurs from t = 81.77 until t = 104.1 seconds. A Ig forward

acceleration is applied at a heading of 315 degrees. Figure 4b shows

that north specific force, fn, is a term in the east velocity differential

equation and that west specific force, -fe' is a factor in the north

velocity differential equation. Therefore, it would normally be

expected that an acceleration midway between these two cardinal directions

would induce equal variations in each channel. But, Figures H-1G

and H-20 show that this is not the case. A ramp is induced in the

standard deviation of the north velocity error state, but no change

is apparent in east velocity error. The last maneuver, a -45 degree

turn, generated mainly west specific force. Although the acceleration

along the path applies equal specific force to each channel, in the

north channel it reinforces existing error while in the east channel

the induced acceleration error itself is not strong enough to be

predominant.

Errors Generated sng the Trainjng F_ ht Profiles

(The emsemble averages of the error states, plus and minus one

standard diviation, resulting from propagating all the error sources

over the training flight profile are shown "in Figures 71 through 79.
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Comparison of these plots to the corresponding plots in Figures 62

through 70 resulting from the combat flight profile show, with the

exception of the north velocity error state, that higher standard

deviations of the errors are generated using the combat flight trajectory.

However, the standard deviation of north velocity error For the training

flight profile did remain below that of the combat profile for the

first two thirds of the mission. Large maneuvers toward the end

of the training flight profile caused the observed increase in velocity

error.

Inspection of altitude and up velocity error plots fron the

training profile (Figures 75 and 76) shows lower initial peak values

occuring at a later time than those induced by the combat flight

profile (Figures 66 and 67). This is due to the different type of

climb used to obtain initial cruise altitude. The combat profile

simulates an afterburner climb to gain altitude rapidly, while a

gradual, turning climb is used in the training profile. The climbing

turn, unlike the straight climb in the combat mission, also generates

velocity errors (Figures 73 and 74). The errors coupled into the

east velocity differential error equation by north and up specific

forces reinforce each other and produce a large increase in the standard

deviation, while the opposite is true for east and up specific forces

in the north velocity differential equations.

The tilt error states shown in Figures 77 and 78 also show

some variation due to the initial turning climb. However, these

changes appear small compared to the large variations shown -in north

( tilt error frum t = 365 until t = 622 seconds. During this time

period, a 3.5 g loop was performed by pitching up on a heading of
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205 degrees, followed by a lower, negative g loop on the same heading.

Since this results in a predominately east-west oriented angular

rotation vector, most of the error is generated by gyro misalignment

4 in the north tilt error state as shown in standard deviation plotted

in Figure 78. These maneuvers also cause large variations in the

east velocity error state as a result of the combination of up and

north specific force (Figure 73).

The remainder of the maneuvers in the training flight profile,

based on the previous analysis of errors generated by the combat

flight profile, produced predictable variations in the error states.

The sine maneuvers, initiated at t = 195 seconds and t = 689 seconds,

induced oscillatory variations in the standard deviations of the

error states, but did not contribute to any .arge increases in system

error. Figures 77 and 78 show that the 720 degree roll, initiated

at t = 652 on a heading of 65 degrees, induced steps in the standard

deviations of both east and north tilt errors. Considerable variation

was induced into the velocity, tilt and azimuth error states as a

result of the -480 degree, 2.5 g turn initiated at t = 261 seconds

and, as expected, even more error was induced by the 640 degree,

4.5 g turn which started at t = 791 seconds.

Error Analysis Conclusions

Overall, the error analysis showed that a maneuver of longer

duration, rather than high g loads, induced more system error. Relatively

low acceleration (I or 2 g) maneuvers caused little change in the

error states, but a maneuver performed at two different higher acceleration

loads (4.5 versus 6.5 g) induced about the sawc awount of tilt dnd

azimuth error in each case. The magnitude of the variation in the
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velocity error states does directly depend on the amount of specific1 ' force generated, but the cummulative effect depends upon the length

of the turn.

=Pitch changes generally induced the most error into the channel

more closely aligned with the aircraft's heading. This is caused

by gyro misalignment interacting with the pitch angular velocity

vector which is perpendicular to the aircraft's heading. Scale factor

errors do induce errors in the opposite channels as the misalignment

generated errors, but in most cases the errors resulting fron misalignment

are larger. Most of the errors generated by changes in pitch directly

effect the tilt errors as a result of the pitch angular velocity q

vector; however, the vertical specific force, fu, also induces small

variations in the velocity error states. Large, relatively high

g pitch changes induce considerable system error, but a subsequent

pitch change in the opposite direction of the same amount, not necessarily

the same g load, cancels most of this error. However, a change in

heading or attitude (especially a 180 degree roll or turn) between

these maneuvers could, instead, cause these errors to reinforce each

other.

Turns generate errors from three different events: roll into

the turn, the turn itself, and roll out of the turn. The turns are

coordinated so that some heading changes do occur during roll-in

and roll-out. During the turn, the horizontal specific forces that

are generated are coupled directly into the velocity differential

equations by the azimuth error. This can be a considerable source

of system error depending upon the amount of azimuth error and the

g loads of the turn. A 180 degree turn from one cardinal heading
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to another induces a step in the velocity standard deviation of the
Uchannel perpendicular to the original heading and a peak in that

of the other channels. Rolls into and out of the turns, done at

the performance limit of the aircraft, rather than the turn itself

induce the most tilt errors. A 90 degree turn from a cardinal heading

induces about the same amount of error in each channel, but a 180

degree turn induces reinforcing errors in one channel and little AL

error in the other. Most error, as a result of gyro misalignment,

is induced in the channel perpendicular to the heading as a result

of the rolls into and out of the turns. Misalignment also causes

a ramp in the standard deviation of azimuth error during each turn.

Isolating the roll maneuver itself proved to be very beneficial.

It showed that maneuvers that are not performed on cardinal headings

(those aligned with the error states) do not necessarily contribute

proportional errors to each chdnnel. While the other error sources

do contribute proportion errors, the effects of the major error source,

misalignment, can be cancelled depending upon the heading being flown

and the previous system errors.

Maneuvers in succession that generate errors in the same direction

produce more variation in the standard deviations of the error states

than when each maneuver occurred separately. This effect was shown

in several instances. In one case, accelerating along the flight

path 45 degrees between cardinal headings only produced changes in

the velocity standard deviations of the one channel. This was a

result of reinforcement of the specific force generated during the

previous turn.(I
The second flight profile did not generate quitc as much overall
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j system error as the first one. However, each of the longer duration

!! maneuvers did produce large system errors. It did show that a faster

climb produces more vertical channel error and that sine type maneuvers

produce oscillatory variations in the error states but do not contribute

Ito significant growth in the error states. This profile also highlighted

the fact that the effect of induced errors can be cancelled by performing

the same maneuver in the opposite direction but not necessarily with

the same acceleration loads.

N
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VIII. Conclusions and Rc.comlnendations

Conclusions

This study evolved into two distinct phases. The first phase

was the development of the error model and the computer simulation

of a state-of-the-art strapdown inertial reference system, while

the second phase was an analysis of the errors induced into this

inertial system when driven over a highly dynamic trajectory.

A Monte Carlo simulation was chosen in preference to a covariance

analysis so that computer resources could be used more efficiently.

This also allowed the gyro scale factor nonlinearity to be included

explicitly in the error model. A 50 run Monte Carlo simulation produced

almost identical results as a covariance analysis and ran in about

The same amount of computer time. Fewer than 50 runs were used for

problem set up and to obtain preliminary results.

The Honeywell GG1342 ring laser gyro error model was used to

represent a state-ot-the-art gyro since it was recently flight tested

in the A7-E. The Bell Model XI accelerometer error model was chosen

because this instrument is in wide use today and has better error

characteristics than the accelerometer currently being used in the

Ring Laser Gyro Navigator (RLGN) with the GG1342.

Two highly dynamic flight profiles were constructed from representa-

tive performance characteristics of the FI5 in its air superiority

role. The more intricate "combat" flight profile was used for most

of the error analysis, while the "training" flight profile was used

for comparison of the overall effects of two different scenarios.

( The basic result obtained from the urror budget was that the

gyro error sources contributed the most to overall system error.
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These gyro error sources also directly coupled most of the dynamics

of the flight trajectory into the variations of the system error.

Misalignment was the major source of error for both the gyros and

the accelerometers. Accelerometer errors caused more initial alignment

error in the tilt error states than gravity errors, while gyro errors

and short alignment times were responsible for most of the initial

alignment errors in the azimuth error states.

Analysis of the error; generated by propagating the error model

over the flight trajectories showed that, in general, a long duratior

medium acceleration maneuver induced more system error than a series

of arbitrary maneuvers of higher accelerations. Moreover, maneuvers

that occur in succession and generate reinforcing errors generally

induce more system error then. each maneuver seperately. Also, the

I same maneuver performed in opposite directions produces less overall

errors than performing the maneuver just once. Performance of a

maneuver between cardinal headings does not necessarily induce proportion-

al errors in each channel. One of the major contributors to system

error, misalignment, can generate errors in the tilt error states

that, through interaction between the tilt differential error equations,

cancel themselves out. This depends upon the heading of the aircraft

and the previous system errors.

Recommendations

The investigation done here was an initial step toward gaining

a fundamental knowledge of the propagation of errors through a strapdown

inertial reference system as a result of highly dynamic trajectories.

Considerable effort was expenided in setting up the complete simulation

package and incorporating the stochastic error models and error equations
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into the simulation. Since the general simulation program used here,

SOFE, is very well documented, and the subroutines implementing the

strapdown inertial reference system error model are essentially self-

documenting, these should provide a solid foundation for future study

in this area.

The flight profile generator, PROFGEN, has some definite disadvant-

ages. Primarily, it does not model the dynamics of the aircraft.

For highly rnaneuverable aircraft this causes some problemns, especially

in the performance of roll maneuvers. Two modifications to PROFGEN

were ,nade, one to include a roll-only maneuver and another to provide

a realistic roll time constant for turns and rolls, but more changes

need to be made. Out-of-plane maneuvers cannot be simulated effectively

since changes in pitch, rolls and turns must be specified in seperate

profile segnents. It is therefore reco.mrended that another profile

generator be considered for follow-on study in this area.

This study did identify the major causes of system error for

the particular gyro and accelerometer model used here. Further study

should include the incorporation of other ring laser gyro and accelero-

meter error models into the simulation to determine if these errors

are typical of the particular models chosen or of a state-of-the-

art model in general. This should be accompanied by a sensitivity

study in which defining parameters are increased and decreased.

It was noted during this investigation that particular maneuvers

reinforced errors while others cancelled some system error. More

data needs to be generated and more extensive analysis is necessary

(. in order to provide firim guidelines as to which ;Idneuvers should

be employed or avoided when possible. Also, the various types of
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optim~'il aiding should be explored to detonnine the reduction of system

error caused by cach in this highly dynamic environment.
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0 Appendix A

SOFE: A Generalized Digital Simulation

for Optional Filter Evaluation (Ref 12)

SOFE was developed as an efficient general purpose simulation

program for the design of Kalman filters. Although filter design

was beyord the context of this thesis, SOFE was used for both the

generation of a Monte Carlo simulation using a truth model, and for

covariance propagation of the error state equations for a filter

based on the truth model and having no input measurements.

The basic SOFE program contains 34 routines which perfonn input/

output, problem setup, run setup, numerical integration, and run

termination. Nine additional subroutines must be written by the

user of the program to specify the problem to be simulated. These

nine routines supply derivatives, measurements, truth model fluctuations,

and trajectory data. All of the programming was set up to be efficient

in both the use of core and time. This was done by dense packing r

arrays and vectors into a single array, using singly subscripted

variables, using sparse matrix storage techniques, and exploiting

the symmetric properties of some of the matrices. Ii

A truth model in SOFE is a direct implementatior of the error I
state equations. The 9 subroutines and data required to develop

the truth model are shown in Appendix F. Differential equations I
for the model, without the driving noises, are propagated through

time by a fifth order Runge-KuLta integratur. At intervals specified

by the user of the program, the integration is stopp,d to all ow for

measuremnint updates, the addit.i on of noise to the tLrith model, feedback,
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output, or whatever is specified by the program user. A subroutine,

GAUSS, is provided in SOFE for generating random Gaussian samples.

SOFE was implemented in this simulation to stop integration just

for the addition of noise to the truth model arid to generate output.

No measurements or feedback were used.

The filter model in SOFE is implemented by specifying both

the filter error state equations and the initial covariance matrix.

Propagation of the filter error state equations by the integrator

is much the same as the propagation of the homogeneous truth error

state equations. However, rather than periodically adding noise

to the states, the covariance of the error, P(t), is also propagated

forward in time by numnerically integrating the equation

TP(t) = F(t)P(t) + P(t)F(t) + Q(t) (A-i)

corresponding to the state equation x(t) = F(t)x(t) + w(t), where

F(t) = fundamental matrix

Q(t) = white driving noise matrix

such that E{w(t)w T(t + T)} = Q(06 (T)

The 9 subroutines and data necessary to implement a filter model are

shown in Appendix G. A complete explanation of Equation (A-i) arid

filter models can be found in Reference 8.

Out of the 9 user written subroutines available in SOFF, only

6 were utilized in this simulation. USRI'l, which is only called

once by SOFE for problem initialization, was used to rcad in time

constants and iniLial standard deviations of the error state.. Sibroutine

TRAJ was used only to specify some constants, since an external flight
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trajectory was generated. Subroutines XFDOT and XSDOT specify the

hiomogeneous differential equations of the filter model and truth

model. These two subroutines were essentially the same in this case

since a full order filter was used. Subroutine SNOYS is used in

conjunction with the truth model. It is called at intervals to inject

noise into the appropriate states to simulate the driving noise,

w(t). Subroutine FQGEN is used to specify Equation (A-i) for the

propagation of the covariance matrix associated with the filter model.

All of these subroutines, except USRIN, are called at the beginning

of each Monte Carlo run, through a FORTRAN ENTRY statement, to initialize

data or variables particular to that routine.

In addition to supplying 9 subroutines, 37 paronieters are entered

through a list called PRDATA in CDC NAMELIST FORMAT. These are parameters

which remain fixed throughout the simulation. They specify the problem

content, control input and output, and regulate the nunerical integration.
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srlFic SLJ3L]UTINE-S F3R ERR9>Z ANALY~IIS

SUBROUTINE Ar' lI[E1D( PUN,r ,NF,'NSNXTJ,>XPXS,XT .AJ)

ENTR Y AMENDO
R E- TUR N
END

S U SP ) UT IllE E S TI X ( I RU ., T 0M PN S , NXT J , 'F, xs X SX r AJ , NT Rti P
DlIESION XF(NF)9 XS(NS) *XTRAJ(NXTJ) ,?F( ITP)
R F T 1) P.N
ENTRY ESTIXO
R ETURM
END

SUB~ROUTINE FOCFN(T 'Jg? v~NXJ~XqTAJ

D I E NS 10. XF( NP ) XS ( SS) XTR AJ (NXTJ ) F ( NZF ) ,0( NZ 0)
R ETUwN
ENTRY FOGE40
R ETURN
END

SUBROUTINE HRZ( IRUNirNFN SNXTJvXFtXSXTRAJNTRP,IEAS,)

DIMENSION XF(NF),XS(NS) ,H(NF) ,XTRAJ(MIXTJ) ,PF(NTR)
.RE TURN
ENTRY H-RZO
R ETURN
END

SUBROUTINE SNIJYS( l'UNTNFN1SNXTJ ,XFXSXTRAJ)

C OMMON/ TCSY S/ TAUS ( 3 ) D I ST( 4)
COMMO4/T'NJCOM/RE ,-!-G ,OiE'GAFRK1. RK2 ,RK3
0 1rF S1;1 XF (NF ) , XS ( I S ,XTRA J ( NXT J

V GNO =S 0RT ( X TR A J ( i ) **Z +XT ' AJ ( 9) '*2)
0 r=r-T]Li'
S RDT=SQRT( Or)

XS(7)=XS(7)+GAUiS(0.3qST9FEV)
S T Of)[Vt- SO) 4S ( Z2) '*S, OT

S (!)' VS )4 ( ) 0JS .3 SF

XS(l))=Xs(9).GAUSS(0.0,ST0EV)
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.15 ST0EV-S0WS 4)S0
XS(4'.)=XS C4) .GAUSS( 0.0,STI)EV)

ST D) V V=S D4 mS 6 ) 4IS49 T
XS ( 1) )=(C ) *GAUSS().I, S TDFV)

XS(26).=XS( 26)+ ̂ AUSS( 0.0 ,ST'jEV)
STDEUV=SOWS(9)*SO;'T(2.,-'DT/TAUS(2))
XS(27)=XS(27)*AUS(0o),ST0:V)
S TDV SW S ( 9SQT (2 . * )T / TAU S(3
X S( 29)= ~XS ( 2 ) +.; AU S S( 0 .0, S T) FV)

3 0 S T D EVS)W S ( I : S Q RT 2 . 1D T *V G N / I S T 1
X S( 5 6 = XS ( 56+ G AU S .(0 .n-)STD EV )

40 STDFV/=SD,4S(11 * T? 4 T. NDD S ))
X S ( 5 )X 5( 5 +4AU S S (0. 0,yS TO FV
ST0F)V=SDWS U? ) ,,QT2. *OT"VGMD/DISr( 3) )

XSUf~r0)=XS(5O) 4'AUSS(0.3,STFlV)
50 CONTINUE

ENTRY SNOYSO
T OL 1)=T
RETUR~N
F ND

(. SU3OUTINE TRAJ (IRUNT,NFvNS,NXTJXFgXSXTRAJ)
C0M N/TRJO'0,/GJGA,4E-,RK1'K2,RK3
DIMENSION XF(NF) ,XS(.IS) ,XTRAJ(NXTJ)
DIMENSION TITLE(20)
DIMENSION SEGLNT(50) ,RESTRT(50' ,ITJ. rN(5O) ,PAT-U(50),P)ACC(5)
DIMENSION TACC(50)piEAD(5O),PITC5OflDOT(5):MODE"(50)
D IeENSION E=RROR('30) ,HMAX( 50) ,HMIN( 50)

ENTRY TRAJO

READ (3) TITLEqTO0AYqCLOCK
READ (3) IPR9 ,N3E'GTLLMECNTSTARTVTOPH-EAflP ITO,

E ALFAO.LATJLON0,ALTO. I RNTilRITE,I-9TROLRATLUNIT
READ C 03) SEGLNTRESTRT. ITUJRNMPATHTPACCTACCidEAD,

F~ PITv0DTUM3DE,.RRRHM4XHMIN
IF (IRJN.GT.1) GO TO 10

CALL PACCON(44,1)
WR~ITE (0,130) TITLE9TnOAYCLOCK

100 FI.)PMAT(1X,?HTITLE: ,20A//)X-7HDATE: %A10/17AITIME: 9A13)

P RIiNT4 ," NSI-GT: " ,NSEGT
PPINT4 'i L-M -CH:",LL9lE('H
PRINT'~," TST'WRflPTSTAR.T
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P RINT," V'ITO: 'VT 0
P Q T N1 " TI EA l): i , .i D0
P; INT*'," P1 TCHfl:",PITO ;

PR INT," A.FA1: 1 ,ALFAO
PRINT,'," I PR14T: " IP ,NT

PRINTS," IPLOT: ",IPLOT
P V IN T , " R 'IL RA T :t, R3L RAT
PRINT', 't LJNIT: " LUNIT
PR1NT ,""

P Q I T," S -GLNT : ",SEGLNT
PRINT(," RESTRT:",RESTRTrT
P R I NT to" T U RN: " I TU , N i

PINT ," ;,P,GC: ",PATC"
P R^' I N'IT , to P kCC: itPA^-C

PRINT4," T.ACC: ",TACC
I NT'- " HEAD: ",HAD

PPINT4" PITCH: ",PIT
PRINTO," Dr: ",DTO
P, R I N T*9 4, 9 M DE "F.MODE

PRtNT<:," HMAX: ",IAX
P R. I NT *,"t H I I N: " 1 I N

10 CONTINUE

RE=2092564O.
G=32.083.81576
0MEGA=. 7292. 151E-4

F=1. /293 ,3

C STANDARD K VALJES ARE KI=3.E-2, KZ=3.E-4, K3-1.E-6

C OPTIMAL K VALUES ARE K1=1.003. K2=4.17E-3, K3=4.39E-6

R.K1-3,E-2 Z

P. K2=3.E-4
RK3=1.E-6
RETURN
END

SUBROUTINE USRIN
CO.'.iN/SI/SSO W(60, S4S13}, SWFO (1I

COll0'N/TCSYS/TAUS(3),vlST(4)
NAMELIST/I IS/TA US, 0ST, SDWSD,SDWS , SD4FO

CALL PAGCV'6 0, )
PRINT*," X(1) EAST LfI' GITUF)E"
PP[NT*," X(2) NO?TI LATITUDE:"
P ?I.IT* 9to X(3) ALT ITJDF ( UP )"

P'.1NT* ," X(') EAST VELOCITY"
PRIT 9", X() NOYITH VE-LOCTTY"
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PRIt'iT'," (,) VERTICAL VELOCITY"
P I.IT*," X(?) EAST ATTITUnF
P INI'*" X I) NORTH ATTITU -"
PRNT I " x(' UP ATTITU E 
) INT 'AC 1.0) INTE(,,'AL OF VfERTICAL CHANNEL ERROR

R[ ,T X 11.) X ,Y'J I) 1 T I r AT "
PRINIT 4,'l X 12) Y C Yu DRIFT RATE "
PRINT*," X L3) 3 (1 (I 9RIFT RATE "
PRINTV" X(14) X SY ] SCALE FACTOR "

PRINT*," X(15) Y GYF) SCALE FACTOR "

PRINT:," X(16) Z GYRO SCALE FACTOR "

PRINT'," X ( 17) X GYU ,MISALIC,.N A -1 JT Y "

DRINT*," X(1'3) X GYRO MISALIGN Ai3UT Z "
PRIN T ," XC 19) Y GYV' .ISALIGN qA OUJT X "

PQI,IT l , '  X 20) Y GYI I "IiSALIGN A. JUr T "

PPINT'," X(21) Z GYR n, ISALIGN A 6J UT X
PRI IT ," X(22} Z GY r HISALIGN A! IUT Y
DR1"TN ," T <2 3) X ACCt.". LERO,ETER 31 AS"PP I NT , 024} Y - GCC L F 'Dm 0 E T FR 3T "

P, IST*9," X(25) Z ACCFLE3, FTER BIAS"
P. INT *'," X(Z.5) X.ACCELFRt i ETER b0 SEC ;.3IAS
PRINT*," X(27) Y ACCELEROMETEP 60 SEC 3IAS
PQINT* ," X 28) Z ACCELEOETER &0 SEC aIAS "

P9INT*," X(29) X ACCELERO.ETER IN'PUT OUADRATI: (X A<IS)
PPINT* ," X(30) Y ACCELERO*ETER CROSS Q UAD , A TIC CX A XIS )
PRINT*," X(31) Z ACCELEROIETER CROSS QU4DRATIC (X A IS) "
PRINT*," X(32) X ACCEL.ROMETER C flSS QUADRATI: (Y AXIS "

P INT *" X(33) Y ACCELEROMETER INPIJ T 0UL.PATI: CY AXIS) "
PRINT#," X(34) Z 4CCELERO.'ETFR CROSS OUADRATI (Y XIS "
PP.NT*," X(35) X ACC ELEROM.TER CRI, SS OUAORATIZ AXIS) "

PRINT*S," X(36) Y ACCELEROeETER CROSS OIJADRATIC (Z AXIS) "

PRINT*9" X(3?) Z ACCELEROMETER INPUT OUADRATI: (Z AXIS)
PRINT*," X(3P) X ACCELEROMETER CROSS SCALE FACTO! (XY)
PRINT*9" X(39) Y ACCELEROMETER CROSS SCALE FACTOR CX)Y '

PRP4NT*9, X(40) Z ACCELEROMETER CROSS SCALE FACTOR CXY)
PRTNT*," X(41) X ACCELEROMETER CROSS SCALE FACTOR CXZ) Fl

PRINT*9," X(42) Y ACCELEROMETER CR3SS SCALE FACTOR (X,Z) "
PRINT*'," X(43) Z ACCELEROMETER CROSS SCALE FA:TDR (<,Z) '
PP.INT*=," X(44) X ACCELEROMETER CROSS SCALE FACTOR (Y"Z)
PRINT 1\ , '' X(45) Y ACCELEROMETER CkOSS SCALE FAZTOR CY,Z "
PRINT*," X(46) Z ACCELERfOMETER CROJSS SCALE FACTOR (YZ) "

PR, IS TX," XC1i7) X ACCELEROMETER SCALE FACTJR
PR IN'T*,". X( 43) Y AC.CFLE QO;MTER SCALE FACTOR "
PZINT " X (V4) Z ACCELEROMETER SCALE FACT3R "
P:INT*," X{50) X ACCELEROMETER MISALIGN AOUJT Y " ;
P R'NTi," X 51) X AC.Cr.ELI FTER MISALIGO A 3 JT Z "

P I'lAT," XC5 ) Y ACCELEROMFTER I SALICG,4 A.9)JT X "

PP INT ," X(53) Y ACELF OETFR MfS4LIG 11 A RD .JT Z
PP I'IT " XC 54) Z ACCEL :,OiETER. MISA LII A UT X ' I.
P R '1 NT". XC 55) 7 ACCE. L _ OME T E : ISAL IGN 4Q1]J T. Y

PRINT ," , .56) -3AR PqES "
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P R NT4',t X('57) PAR SCALPZ FACTOR
PRINT*," X( 'il ) CAST nj~rt GL"A'VITY

PRINT4'," X(59) DP FFL GRAVITY("
PRINT*'," X(bO 60 G RAV I TY &N~t'hALY

REAO(51,IS4S)
W R IT E ( b, 100) T AUS !I S T 9 e O . WF

R F TUR 4
100 FOPmAT(f'L'5(/)TlO"rRUTH Mr)flEL DATA-3flSE FRO'1

ENAMFLIST INS:
E//Ti5"Tr[9 - C')3NSTANTS, TAUS
&/T20,14.7
&~/fT.5'>RRLATION DIST&-NCE, DIST"

C /T10 (/T0,54.7 7

E,/ / T 1. "S o '01. * )/ 3 014

FU~fUtExOTIU,,FN,~JXSX~JNRPDT

ENTD PDT

SUROUT!.E XStJ(T( IR'NTNFNSNXTJ qXFqXS ,>TJXDT)t~XDT

DIMENSION )XF(F)(NF- ) ,XSCNS) ,)(T AJ(NXTJ) XDOT(NS

C EN6TRJECTOYIPTSFO P.F

RLATXTAJ( 1

DIMENSITNAJ(34f),X(SiTA(XJtDT,

C 6 TAJETOR INUT FRO J Ct)

RLA=XTRAJ (5)

P IT=XTJAJ C )
YA W=XT ? A J (7I)
VNJ-XTRAJ (9)
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VU-XTRAJ( 13)
FN=YTRAJ( U I
Ft>-XTRAJ(Cl?)
FU=Xr~AJ( 13)
lRr)L=XTRAJ( 14)
t)PIT*lT. <Ai( 15)
[)YAW=XTRAJ( 16)

SLAT=SIN4( .LAT)
CL A = CO( ;Z CLA T)
TLAT=SLAT/CLAT
0 M EGA N=0 mES~A*CL AT

SX=CS( O~L)

SY=S IN( PITr
C Y C(]S(PI~T)
S Z=S IN(YAw)
CZ=CJS (YAW)
S A =S IN CAL P -A)
CA =C I]S ALP-IA)
SLOW=S INCRLON)
CLON=COS(RzflN)

C RHO IS THE ANGJLAR VELOCITY OF THE NAV FRAME WRT EARTH

RHO - V N /R~E
R HON=VE IRE
R HOU=VE*TLAT/R~E

C WE-WN-WU ARE THE ANGULAP VU0LCITY OF T-lE NAV FRAME WRT
C INERTIAL FRAME COORDINATIZED IN THE NAV FRAME CE-N-U)

WE=RH10rE
WN-RH9S.OM:EGAN
WU=RHOU+0O1EGAU

C COMPONENTS OF THE PINSON MATRIX

R K Z=VtJ/ RE

F 43=RH0U*41OEi'UHON'* Z

F52?=-? * OmE GANAsV-RHIN?'YE /CLA T**2

CTRANSFORM;ATI[ON FROM NAV FRANE C 1-N-U) TO BO(DY F .AFE (K-f-l I
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cXN-cZ~CY

CY&:=sz*SY*SX+Cz4CX
CYN=U *SYzS X-SL *CX
CYU---CY'SX

C ZN=CZ*SYOC'+SL*SX
C ZIJ=-CY*CX

C TRANSFC2INZATI9N FROM~ BODY FRAIIE (X-Y-/) TO NAV FRAME (E-N-U)

CE X=CXE
CEY=CYE
C E Z =C IE
CNX'=CXA

C NYz CV z

C UX CX U
CUY=CYU

C SPECIFIC FORCE IN THE BODY FRAME

F X =CX N 4F N. XE4'FE +CX U*4F
FYV=CYN*F N.CY E*!FF+CYU*FU

C ANGULAR VELOCITY OF BOD0Y FRAME WRT INERTIAL FRAME
C COORDINATIZEJ IN T'IE BODY FRAME

WX = CXE*4 qE+ "X N~4' + CX U 4WU + 0DL
WYV= CV F* WE4-Y V N 'N+ C VJ 4' A U DPI T
WZ=CZE*WE+CZN4N+CZU*WU+0YAW

C INSERT 2.5 PP4 SC&LE FACTOR NONLINEARITY

X SF N L=0 *0

1 SFIL=O *

AWX=AS3S( NX)
AWY=ABS (WY)

IF( (AWX.GT.2.44 3'6)9L.9R.(AWX.LT.t.3T02)3.) ) SO TO 21
X S F rL = *11.997 E-h 4 X 44'-3 *53 1 69 I-5*'A 4X '3 *1 1L6SF-5

2') F~c'Gr.?4~34~fln1R.(wY.L~t.36?3 ) G TO 30

30 !H(4.G..eA'7)3*P. W.t .392~3))0 TO V)
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.40 CONTINUE
XtT(1.)-XS(? ) ,Rift)/CLAT-XS(3)*Rf.W)N/(R'E*CLAT)+XS(,) /

V.XST(6) * C (N)MEGAn) Exs ( )/RUXS() E

EXj32 ) CFX*FY*FY*XS ( 33 )*CEYPY*PY*XS( 34)*C44:YF

E-XS(58)*CEX*FZXS(5I-)C Y*FY4XS(?HCE40FZ* 1

E-XS(C53)*^CEY*FX-XS( 54)*CEZ*FY.XS(C55)*~CEZ"F-X+XS( 58)

XD0T(5)=XS(2)*F52+XS(3)* F53-XS(4)4"2.*WUJ-XS(5)* KZ
&.XS(6);RHflE;-+XS(7)'*FU-XS(Q)*FE
E+XS (23) *CNX4X3(2'.)*CNY4XS (25)*'CNZ

E+S26)*C +XS( 27) *C4Y.XS( 28 )#CNZ

E+S35 )*CX*FZOFPZ+XS( 36 )*CNY*FZ ,ZXS (37) 4CNZcFZ*FZ
E+S3)CXF*YX(4*CYF*YX(0*I~XF
EXS (41 )*CNX *FX*PZ+XS( 1 ) *CNY*FX*FZ+ <S(4'3) 4 C.IZ*4FPZ

&+XS (4'.) CNX4FY-*FZ+XS (45) *,CNY*FY*FZ+XS(4'6) *CNl4=Y*FI
S+XS(4?),"CN*FX*XSU.R)*CNY*FY+XS(49)*-CNZ*FZ
E -XS ( 5 0) " 4hX *F Z +XS5( r- ) * CN X *FY +X S ( 5 2) * C NY*F Z

E-S53) *CNY'*FX-XS( 54 ) NZ'FY+XS({55 ) *CNZ*F X+XS( 59)

XDOT(6)--XS(2)*'2.*0,iEGAU*~VEeXS(3)*(F 63-RK2)+XS('fl*2.OWN\
E-S5) 4Z. 'HLW-XS( 7) FN.XS (8 ) FE-XS( 10)

&.XS(23)vCUXS(24)*rUyXS(25)*CUZ
EXS (26)*CXXS( 27) *C'Y+XS( 28 )*CUZ
ES29 ) *CU PFX*FX+XS( 33 ) CUY*FX- FX+XS( 31)*CG'Z'eX*FX

E.XS (3?)'-CUX*FY*FY+XS (33) *CUY*FY*FY+XS (34) *CUZ*PYY*FF
E.XS( 35)*IC9XJ *FZ+XS( 36 )CUY*FZZ+XS(37C) U*FZ*FZ
E +XS C38) 4CJX*FX4'FY+XS (39) *CUY,,,FX*FY+X3 (49) *CUZ 4~X*FY
E
EXS( 4.) CUX*F Z*XS( 45 )* 4CUY*FY*FZ S46) *CUZ~"Y'*FZ

1+S4) *CUX*FX+XS (43)*~CUY*FY+XS (49) 4CUZ*F-Z
E-XS (50) *CJ*F Z XS (51) *CUX4FY+XS (52) *CUY*FA
F.-XS (53 )*uJY* ' X-X<S(54)'.U?*FY+XS(5)*CUZ'FX
F.+XS (56 ) *<Z .XS ( 57 ) *P<24ALT+XS ( 60

148



E.X3( L7)O'CEX~'f1-XS(19')*CE--X*'Y-XS( l)4CEY* WZ
E XS (20) *CIP(*WXXS( ?1 ) 4C(-Z*4Y-XS 422 )CEZ*WX

E + (XS ( 14 S FI4L) *CNX*N(X+XS 15 ) Y SNL )*CNYWYI

E 3 7) *CEX'ZX , )C Li) CUX X 12 Y+S ( J.'?) 4CULj-

+( XS14 )+XS FNL ) CJX*WU( +(XS15 )+Y SFL )*CLYWY
E+ (XS (16) +ZSFIL) t.CUNIJIIf

XDOTm1) =XS (3) *RK3-XS( 56) 4RK3-XS( 57) *RK3"ALT

DO 2 1=11925
2 XDOT(1)=0.

YDlOT(26) =-XS (26) irjS (1)
X03T(Z7)=-XS(27)/TAJS(z)
XDIJT(C2i ) -XS (23) /TAUS (3)

00 4 1-29955
4 XDOT(I)=0.

XDDT(5b)=--S(56)*VG'JD/DIST(1)
XOOT( 57) =0.
XDOT(58)=-XS(53)*VGMDIDIST (2)
XOOT (59 )=-XS (5- ))*VG 4D/'D ST (3)
XD0T(60)=-X<S(6O)4 -VGND/0fST(4)
R E T U R 4

ENTRY XSDOTo
D ) 1~1 I=196

ii1 XS(1)=GAUSS(O.,SOWSO( 1))
00 13 1=11,22

13 XS(I)=GAUSS(O.,SOwso(1) )
DO 15 I=23955

i5 XS (I )=GAUSS (0., SDj-S93( ))
0 P, 17 1-56.P57

1.7 XS(l)-GAUSS(O.,SOWSO(I) )

19 X(S(I)=GAUS3(0.,SJWS0( H)
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C. S T STEAOY STATE AND VIVR LATFD IN ITITAL CI)NDIT VJNS

A L T -XT.RAJ (4 )
RLAT=XTRAJf I)
o riECA N=0 ME 5 A C 3S (R L A 1
0MU"VA[J0l1;A*S I NC PLAT)
R AtflhA0=GAUSS( 9091*1t3)
CHEA0=COS ( A~lHE A0)
SH.EA0=SIN{ RANHEA0)

XS(3)=XS(5,)+'<S(57)*ALT
XS(7)=-(XS(23)/G+XS(26)/+S(35)*+XS50))OCFAD

& 4+(XS( 24)/G;+XS(27) /G4XS(36)*G,-XS(52) ) S-IEAO
S - XS(51)) /G
XS ( 3)= (XS( 24)/G+y.SCZ7) /G)(S(36)*G-,XS(52))*CIEAD

a +(XS(2 ' i)/C+XS(26)/GX'(35)*G+XS(50) )*S-IAD
& + XS( 5,9)/G
XS(Q)=XSlJ*nmGAJ

5 +(X3( 12)-XS(1I*MEAN*SHADXS(19)*rMEGAU
E + XS (?O)*2 0 ,!EGANCHEA ) *CHlEAD
F. *(XSEI1).K<S(1A4)*OIEGAN!*CHEAD)-XS(17)*OOEGAJ

+ XS( 1.8 )*OMAN*SHEAD)*SHEAD) /OMEGAN

E + Xs( 50)

RETURN
END

TRUTH MODEL FOR HONEYWELL GG1342 RLG AND BELL MOD 11 ACCE-ER0M2EE

SPRDATA
.NF=l, NS=bO, TF=900., DTPRNT=1t5O.,p 0TNJYS=2.qDTP PL=9.,p
LPRXF=.F., LPRLV".F., LPRDG=.F., LPP=.T.qNXTJ=16...XTJ=.T.q
M=0,LPRXTJ=.T,.-CC=.T.,DTCCPL=2.,1PASS=50,

60*0*

'FINS TAUS(l)ub0.,v6O.,40.

(31ST CI= 15190?. * '761 *0333,6761. 033:3, 164566.*19,g

1. , 1. 9 1 E.1
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FI E.-2,

1 F-69 5. --6, 5. E-6,9

i-,?.5 124 -59 2.5 F5
4% 55 115 :-4 9 A .553?5E-4, .*55375E-49

e .5 4 E -4 1 ? . ?S4A F-A4, 2.254 C-49
1 9503F-9, 2 79 '()3IF-9- 2 .~ 79 5 ) 3 E -9 w

2. 79503E-99 2. 795c.3F-9i ?.*7953-99
2. 79503E-4v 2. 79503C-99 2,.79503E-99

6. 211~E-, .21l9 6.211l18F-99

4. 84813E-5, 4.,84113E-5, 4.6BA, 13E-5,
5. 1+? 30"1. E-- 2,9 8.372 1i-4 9
5.474 E-49 1.127 r-31

SDWS(l)- 5.31775E-7, 5.q1776E-7, 5,81776E-7i
1.61 E-49 1.'h1 E-4, 1 .61 E-4,

5. E42,9 8 .37? E-4,v 5.474 E-4,9
1 .127 E -3

SDWFO( l)=l.,$

1909093437.7467
2,00,3437.7467
3,0,0, 1.

7,0,093437*7467
34091 ), 3 43? 74 67
f).,003437.7467

TIME (SEC)
L9N4GITUDE ERO

.IStI0N *'ARC M14*
LATITUDE ERRO

ALTITUDE ERR
ALTITUD)E * ~CET*

Fi3l /ICLnOITY C LIRL1

VF!LO'TTY 4'FF'S
NfWQ'l VEL3CITY - R

VFiITTY *G PS4
UP VLLICITY F )PR

VFLr)CITY *-Py*



FAST TILT ...

Nfl TiI TILTL
TILT eO~qC tlH4

A1PIIJTH f':ROLZ
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4 Appindix C

PROFGEN: A Computer Program for

Generating Flight Profiles (Ref 11)

PROFGEN is a six degree of freedom flight profile generating

program that computes position, velocity, acceleration, attitude,

and attitude rate of an aircraft flying a specified route over an

ellipsoidal earth. It does not model the aerodynamics of the aircraft;

therefore the body coordinate frame is coincident with the coordinate

frame of the flight path. This results in the inability to simulate

maneuvers that require side slip, an angle of attack, or crabbing

motion.

Four basic maneuvers are included in PROFGEN:

Climb or Dive

Coordinated Turns

Sinusoidal Heading Changes

Straight Flights

The aircraft may accelerate during any of these maneuvers. Flight

profiles are constructed by concatenating up to 50 of the basic maneuvers.

Different types of aircraft are represented by the rates and accelerations

specified for each maneuver.

The earth model in PROFGEN is an ellipsoid having values based

on the DOD World Geodetic System 1972. Gravity is a function of

both latitude and altitude with both radial and level components.

PROFGEN1 uses a fifth order polynonial to control roll rate.

Th body franmi  radually roll-, up to thci maximuii roil rate ' ti h respect

to the navigation frame, then gradually rolls out to the desired
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roll angle. For a given maximum roll rate, a smaller desired roll
iij

angle produces a greater roll acceleration. In an effort to avoid

abnormally high accelerations in rolling to small angles, PROFGEN's

maximun roll rate for horizontal turns, is

e-n  
-

-I - ) (C-l)H M(C1

where

n = Normal Turn Acceleration in g's

= Maximum Roll Rate

For low acceleration (small g) turns, only a small bank angle is

required and a lower maximum roll rate, through Equation (C-i), is

used to achieve this angle. For higher acceleration horizontal turns,

however, the maximum roll rate remains essentially unchanged as the

roll angle approaches 90 degrees.

The result of using Equation (C-1) and the fifth order polynomial

to control roll rate is that an arbitrary time constant is being

used to control roll acceleration which does not necessarily reflect

the dynamics of the aircraft. Calculations based on the aircrafts

roll time constant were added to PROFGEN to correct this problem.

Roll rate, €, is determined from

I

M - ) (C-2)

where

M Maximum Roll Rate

Roll TiiQ Constant

( t Time
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Integrating (C-2) to obtain instantaneous roll angle, €, at time 4-

t results in

(t + Te--t) (C-3)

Substituting e t/t - t/t /2T

gives

Mt 22t(C-4)

Solving for t yields

0s 5
t : 2TI;M (C-5)

which is the approximate time necessary to achieve a given roll rate. It r
is assumed that the same time constant T, applies for roll out; therefore,

twice the time given in Equation (C-5) will be needed to achieve a desired

roll angle.

Using the fifth order polynomial in PROFGEN, the time to complete

a roll, 2t, is given by

Ii2t = 15 /8€ H  (C-6)

Substituting Equation (C-5) into (C-6) yields

= 15 /16I2mP4 MI 0.5 (C-7)

Thus, the maximum horizontal roll rate, H' will now be computed based

upon the roll time constant, r, for a desired roll angle, t, and maximum

roll rate, ;. This overall effect will be to chancle the slope of the

fifth order polynomial so thit the body frame rolls out at the desired

roll angle at a time that is approximately (to second order) consistent
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with the aircraft's roll time constant.

It was felt that the four basic maneuvers were overly restrictive,

especially for the fighter aircraft used in this simulation. Therefore,

PROFGEN was modified to include a fifth, roll-only, maneuver.

A listing of the necessary changes to the program is shown in

Appendix D. It was also necessary to modify the output of PROFGEN to

include roll rate, pitch rate, and yaw rate. These changes are also

included in the appendix.

PROFGEN would be a more effective flight profile generator if

additional modifications were made. For the sine maneuver, initial

roll rate as shown in Equation 38 is not realistic. Also, fighter

aircraft seldom maneuver in just the horizontal or vertical planes.

Although PROFGEN has the capability to initiate turns from various pitch

angles, a more realistic manuever would be to initiate pitch changes

from arbitrary roll angles. Finally, the method of storing samples of

the flight trajectory data during the turn maneuver should be changed.

The roll into and out of a turn should be sampled at a different rate

* than the turn itself. Presently, in order to correctly sample the

faster dynamics of the rolls, computer resources are expended by

sampling the turn itself at a higher rate than necessary.
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APPI.N"'IX D)

P.RilFGr.I 4 JPO. Tf F OR 'AOLL ll...Y MANF 'i':

CALL E T ALWI ( PTi o)(ITt, Fy~r TA~)vtTAI))T)

2 T AXOOT i A Y')JT 9 :TAZ DO
*1 P ! OFG:N.L1724

UR I U ( S , 101 ) Tl); + , TON, 9 R AX
I1 PROFGF-4.1741I

~i PfFGEN. 1756

~I o 4 nFG'N .1764
101 FO;Z'-T IXTV, 6,#,~ )L.LIJP S TIS AT G2.L/',

U.OH40LL Doli STrArS A T vG?O.10/ X tL 7H'4AX )'_L R4 TE 1 Sx'j210)
OX PFGPE'4. .LJdb
E!.UIVAL~r4C7 ( F I Xr9(? 2 9A4D)

R MAX=- HORZ~ /4~A F) PRO
*I.NT ROLLTC
*1 PROFGF.lt>O

**) APR90.9
IF (ITVN.FQ.2) ]~'(~3

IF (ITUJ-N.FC).2)

IF ( TURN.EQ.2.AN0.RHIR?.GT.R0LRAT) W.R3li'.7-iJLRAT
*Df4 GG7 8. 5

C01MrON /P- 3LK/PR:3LK( ')
I1 A p R80 *6

EQUIVALUNCE (PR3LK(1.5) ,RTC)
~I A 1)C7 ,

c PIk3LK [5) RIC, 'k,1LL TIME CONSTA'4T
*9 F 1fF0 .7 5

CC 0 m ON /P I TC H/ P I T C, ( 5 /PR3L~l/H'!LK((15)

QOUIVALENCnE (P4' LK(15) , rC)
I1 FFP dO. 105)

40) AUG7'i.64
C1~i~:d/pi rcii/p 1Tt--( ) /P-, LKIP- .L(( It)- /L(/r~.4 )

f OUI LLN4C ( P-' L.<( L5), TC)
*1 ?') V 7) . '#.1

(.S



5, RTC /0. 5/
*10n1T ROLL

CIP FlMMJN| I2 AN/' L_4(5

*1 PROFGLiN.18L

IF (IT '.F'.,) TT.- OT(AI (2..T': PLAG(I1%G)/Rv.AT))
IF I Ti ) .-C4 .5) 1'i)A l A iS I AL.ATG( I~ t)/( T. . k 'I
IF (I T UN J 5 AIQ . 1 I .GT.K'1LRAT I R PJ]' ZAT
I- (ITURN.TU.5) CALL TSTUP'(TIVNF|
IF (ITUqN.K'0.9) TIJN1J1',4=f0.
IF (ITUtq.. - ,) I.C-.Q.. p

*f) PQOFGEN, 176
GOn TO (40,50,f60,700)iITURN 3

*I PkOFGrN.?Z2
C
C
C .C 0 OLL-ONLY ANEUVFR A
C
C

0 H HL I' I T T, F , H iHMN)
CALL IL IM5( ,"C"1 F)
CALL KJTMl-R ( M, T Xv ,-) MOE ERR, H lX,1,4)

IF (T.G .Tf' N ) T XNOJ:I4-

CA LL n U T I T ,TI , I PkNT, IP I T- I PLY}T)
IF (T.LT.TF) GO TO 80
R ETU RN

4'I PROFGEN.t14
Cf l iO;4 /RJ-AN'/RnLAN,(50)

*1 P.UOFGEN.433
4 ,ROLANG/50 G, /

*1 FE'Q O.'7
IF(TURN(ISFG).EQ.5) 4.'ITE (6,700) TErIP5

*1 FE390.ZO

COMMON /RD.ANG/RGLANG(50)

*1 FEBPO.42

TEI-PS=R(OLA JG(ISEG) /RA'0)PR
*1 FF 0.O,6'i

7) F A T ( 5T(X, '76HTHIS FLIC 'T SFGMFNT IS 4 s0LL-04L Y M A N EJVER 41 TH A -
*S I fI) CHA, i -I '4--'OLL (IF,G12.5,9H Ot G-< L . I

I P F G . .d 6
SU r0UTINE HL I(, 1  C:) F

C
C4: HLIM'5 ADJUSTS T'41- 51'-P SIZF IN A klILL-ONLY MA'IEJVf R
' SO THAT Tr-F P40J.( AM WILL PAUSf AT T.)'I.AE 4-i;N T-
. A wrC AFT IS FIN I SHII NG , .RiLL-V lLY !lAN :UV f

C

Cf)0' J:JN SPL C/itPLf ( 11)
C

I;flUIrVSL FNC : ISIJPLE (1) ,[}
~~~L1 ~1 I I N J'L C? I, T ~I I I - N : A SfNPL( C k k PLIT
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1A

C

C TR A qSFE' R T! P~f)V F SIN tAS FG;L -qI F (r.(GE ,INF. AW) TLT oTF ) CM) TO ?0'

c SFT RPCOJFf ANIJ L I'MI T H IF 4i CESS4R~Y

-I H=ICHGIP ( r I T ,T 1) 0 N

A PRCOEF=U.

1 PW .9F GL M 16 3

R t).. A '46 (1) 0~ ~ L A~ 11 I)~~ A) P LI)

~I F f: i0. 9' 4 4

INTEGEk 9 STRTPAT1,(2ItTRMTYP(5) ,TJ<-\N
1) F F 180 ,9 5

OATA TqNTYP/sH/F'T,4+lr4)R Z,'S INC 4H~STRT94H ,ILL/f
I1 FFR80.I.07

-j *flPRiFGEN.1263
j GG] TO (I0,?O,93091010)vITURN

IFE ' 80,7 7
COMMON /"!J..ANG/k'JLANG(5O)

*I APR60.36

C OMMON / U) A NGf dL NG t5 0)

IF (ITIURN. EQ.5) GOl TO 20
*I PCOF GE N. 1469

C OLL R~ATE G 1MA.ND FOR A Rt)LL-:)!ILY MANqJVZE9
20 2(JLf)TC=Q.

TF=TUM-T

IF CC .E. .1 L)TCm T~' TF(T?:-Tl)*(T-T1)/(Tlo,4)

1 41 F ti-N L770

S Uj~ 3 oQUrT I N+ rs-TS TU P5 T 0OI'E

P'~'-? 10t TO] I *YHq 'W<LL -''L Y ~dIUFQy , T.-rUr''. C'330'))FS T~ir r ;I
A~ AT w i II C T , C I N I C, 'II L, JLI 6?-(Lf -111L l0JL t pJ. . I

r At IN H f) S;)C I T I 1' 1:: !A'i ii Iii t, LJ~ T t-.L. AN
S T 14 QUL L .A T S '; I Th 5) ;F I N S'S Il I' LT~ Trio
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C 0m 0f"
4
d AN, P tr A N I< I Sf)0

OU I ALENC (F I X1 1) tAOPRI

FUl YALL-NC!: (S'J PLI- (2 *T F]F Q UtIV i- N C, [PLf CI T TI

EllU [ V LLfNtCC (SJPLEC 11) q ,'H O Z

fOT=3S (15. S~1A~ (S:G ) R I J3 .kiJZ

R m riN~3 * 1R ) ~~ Q~ (0?O

I F TO Ti4 t. ,T. TF I, TWI.A'-- TF
If? FI-AT( -)Xi4 IT1L 0-.SI.V:-" CHA-4ANG-1 1- LL I S A&PIIEVED~ 4T TI E=,:

?A00 F 9 'AT 5X 94o, ~ S FGiFJ-T L : NGTH I i 1 h~ IT2Uf F Jk !OL -

IF (TULJ(R N T 1 TJR-*4(1).GT.5) fRUi)
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Appendix E

Older generation strapdown laser gyro

and accelerometer model used in the

developinent of the truth and filter

models in Appendices E and F. (Ref7)

State Initial Variance (PTO Driving Noise (Qt)

,Basic INS

Position Errors (1500ft)2  0

Velocity Errors (2ft/sec)2  0

Attitude Errors (0.5 mrad) 2 7.6x10 - 1 rad2/sec

Acce I erometers

Bias (250 vg)2  0

Scale Factor Errors (500 PPM)2  0

Input axis misalign (10 arc sec)2  0 t

Correl ated\Noise

T = 60 min (40 ijg) 2  2Pto/TI

T2 = 15 min (20 og)2 2Pto/T 2

Gyros

Drift Rate Bias (0.09 deg/hr)2  1.47x10-18rad2/sec
3

Scale Factor Error (100 PPM)2  0

Input Axis Misalign (6 arc sec)2  0
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APPENDIX F

S(OF~ r S WI~1R 't I N F S F')R TR UrT Ii M [If) V L

S U S R M)T I N A9ND."1,( [.flNoTg,i,iS9,NXTJgXl'tXS,XTR&J)
1 :,4 S 1O %0MX 1F XN~ ,S C A S X ,T R A J ( N XT J

F. N T Y A M E -A J
R TURN

END

S U'POUT IN : S EsI X(I U11- T v W'- PNS ?NXTJ 9XF 9,X5 XT A J,9NTR,
OIMEiNSION XE NF),X3(VS) XTRAJ(NXTJ~,PF(NITR)
R I TUR N
FNT Y ESTIXO
M E T U RN
F N40

S 'J- OUTI NE F-~N ( IRU N,9TNF vN S,NXTJ,<,i -PXS X Tl4J,

DI M=NS 10% X Mr') X S (IS) XTRA J (NXTJ),vF ( N Z F ,( M7O)

RE TURNU
ENTRY FOGE40
R E TURN
END

SUF"ROUTINE HRZ( IRUN.,T PNf' NS9 1XTJ Xl- XS XT RAJiNTR 9PF, IMEAS ,

D I MENS A' N XF ( NP)XS ( 4 ,H ( 4F)XTRAJ X TJ ) P F (N T R

ENTRY r4RZ'J
R FTURN
END0

SUROUT14E SN)Y'S( IRJNT,NFNS.NXTJXFXSXTRAJ)

C 0M10"41SNI SSWS ( 'I 3j), SDWS 13 ),tS D 0( 1)

C 0-, f'O/TR .JOP C P1 E 9 G 9 01 E' A , E v RI< 19 Ri( 2, R.< 3

0 I1 ENS ON XF ( 1:F ,X S ( -3)( FAJi( Ni<T J

1) T = T -TO3L 0
S R ;T-SO R T )T

)'ST0FV=S9S(I *GAUS(0.),DfE

i T 9 ;V=SD S ( 3 ) 3 ROC)T
-,(S( -) +6495( 0. 1- TFV)

Srl v ) S ( /# ) l'i ; 0 T

XS C ( ) ~XS ( 1)) *rA I JS S ( 0.) 9 1 T 0F VI
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S TOF V S D W S R ) ) 'S)T
X(S ( IC :-X S 1o) ,A U'S S( 0.0 , S T WVV

S Tr) V S DW S I ~I ~SR0 T
XS( II) =XS( 11+C ;AUSS 0 0 , S T)V

'; rTfl V'SflS ( , S c' PT ( .*OT/TAIJS( It
XS( *?'5f=XS( ? 5 + f;A US1). 3 ,S T DCV)

X Sc( 2 6 ) = XS ( ? 6) +G AUS S (0.0 , S TO EV)
ST0PEV-SDWS(1) "O) OP T( 2..ODT / T A lS 3)
S7)=XXS(2)+GAUSS(.STlFV)

STDF)'7V=S[DWS( li)4SO0 Tt ?.[;I)T/TAJS ('5
XS(?-?)=XS(?9) 4*GAUJSS(DO..'),STDFV )

S T V S S ( 13) * S 0RT( T / TT/A 5S(6)
X SC 30') =X 5( 3 0) + G A(J S SC . qT 0F V)
S~)VMl(lt*)T(2*)*G00s~)
XS(40t)=XS( (.0) 14;USS(,0.0 ,STO.EV)
S TO EV=S WS(1 5 )*S;T(U * 'ViD/9 1ST C ) )
X(S('t2)=XS(42)l.GAUJSSUf).0,STDEV)
S D = W 6)*S t 2.:LT V~,/DIST(.
Y(S( 43) =XS (43) +GAUSS( 3.0, STDEV)
ST - O S 1 ) S)T( . O * G D D S ( )
XS( 44) =XS( 44) +GAUSSC 0.3 ,STDEV)
F141 yT SNOYSO
TOLI0=T

END

S01ROUTTNE T.AJ( IRIJliNFNSNXTJiXP'XSvXTRAJ)
CO ( I jN / T RJ CO H /R~E , G H FG ,E ,R Kli ,R K 29 R 3
DI~MSTON XF(NlF),X;)(Ns) XTRAJ(NXTJ)
DIMENSION TITLE(ZO;
R'ETUR~N
FTR~Y TRAJ3

READ (3) TITLETf(IOAYgCLO)CK
PEAD (3) IP' U;1,NSEGTLLiECH,TSTATITO,PH.AlJPITl,

E ALFAI,LAT].,LONO0,ALTJIPQNT,1?ITE, IPLOT,ROLR.ArLUNir

& P [IT,)~~H~XH1
IF (IRUN.GT.i) GO] TO LO

WWI9T,. (69130) T ITLI~,T0)AY9CL0CK

P PTN*4T I p R; 4O 1 I P 1. qJ
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PR INT* ,07 A ~) 'M, ADIO

PQ INT* P" I T.:NT: P, IT

P RI NT*, LJNir ,): ALI FAt,'

POINT, SE;L-,NT: :".SEGNT

P k INT IR" TJ : ",91RTUF.

P R ITN " PLO: 9 1PLOT

PR I NT t" LP I T: v",PIT I

P 9 NT*," 010:N ", STON

P INT'*," MJO : ",MODEN

P RI AT*, AEC if": pA CQC

P RI1-T*, HE AD : 9,HEAD

P0 4 1NT*NUE R R E O

G=32 .0881576
(JMEGA=. 72921151E-4.
E -1. ./29 8. 3

C STANDARD K VALUES ARE <1=3oE-2, <2=3.E-4, K3=1.E-6

C OPTIM~AL K VALU'ES AiE (I.-1.003, K2=4.17E-39 K3='t.39E--b

PK I= 3.E-2
SK 2=3. S-4
K K3 w 1. E -6

R ETU R A
END4

SU-3P'UJTI'3 ISAIN
COUJVJN/SN)IS/SDIWSI(45),SDWS(18),SONPO(l)
Cf.JN/TC'SYS/TAUS(iIDIST(4t)

F' RINT4," ' (L) EA~ST LO'N4G TkJ)-
RPII4T'," 4(C2) W',:Tif LA T I TUOF
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PQlNT*," XC,) EART V-rLOCITY"

P I4T ," X( ) VE .T -HAL VEL(CITY"
P 'I T ," X 7) EAST ATTITUOT. ",
P P I NT ," X I) NC0P f!I ATT ITUDE"
P 1 "T*, '  X( ) UP ATTIT ) "TOF
P 1 1'T4'," X( 10) X GY.R) ORIF-T RATE "
P INT ." X(I.) Y GY R 0 OP IFT RATE
PIAT*," X 12) Z GYR) H RIFT RATE
P;INTA," X(13) X GYRO SCALE FACTOR "
PRIN T* ," Xl I't) Y GYR n SCALE! FACTOR "

PRI,NT ," X 1S) Z GYRO SCALE FACTOR ."
PRINT*," X(. 6) X GYR.O MISALIGN Aq'JT Y "
PR 1''AT*," X 17) X GY IMI H1SALIGN A!3) JT Z
PRINT*, X(I.I) Y GY';] MISALIGN AS]UT X
P R I N ," X ( '?) Y GYRl MI SALI G, A31UT Z "

PR 1 4T ," X(2,0) Z GYR0 M I'SALIGN Ar8JUT X "

P I'V T ," X(21) Z GYrI MIS&.LIGN Ai r Y ,
PRINT ," X(22) X ACCEL NONIREP.AT 9 IAS ,
PRINT*," X(23) Y ACCEL NONREPEAT BIAS "
PRIT*," X(24) Z'ACCEL NONREPEAT BIAS
PRIA T4-," X(25) X ACCEL 60 MIN "AIAS
PQINT* ," X(26) Y ACCEL 60 HIN BIAS
PRI4T*," X(27) Z ACCEL 60 MIN BIAS "
PRINT*," X (28) X ACCEL 15 MIN BIAS "

PRINT*," X(29) Y ACCEL 15 HIM BIAS
P, PR!NT*," X(30) Z ACCEL 15 M I BIAS
PRINT*," X(31) X ACCEL SCALE FACTOR "

PqINT*4," X(32) Y ACCEL SCALE FACTJR "

PRINT4'," X(33) Z ACCEL SCALE FCTR "
PRIiT*," X(34) X ACCEL HISALIGN ABOUT Y "
PRINT*," X(35) X'ACCEL MISALIGN ABOUT Z "
PRINT*," X(36) Y ACCEL HISALIGN ABOUT X "
PRINT* ," X(37) Y ACCEL i1SALIGM ABOUT Z
PRI4T4," X(33) Z ACCEL MISALIGN AqiIUT X
PINT*," X(39) Z ACC'='L HISALIGN A3OUT Y "
PRINT*," X(4O) ;3,AR PRE-S "
P RI NT " X(4 1) BAR SCALE FACTOR"
PI.INT*," X(F2) LAST ')EFL' GRAVITY
PRINT'9," XC'43) NOR DEFL GRAVITY "

P.t'r4f *" XIt4) GRAVITY ANOMALY "
PRINTS," X (45) VE.TICAL ACCEL ERROR"

?F.')(5,INS)
w ITE( b,t0l) TAUSqOISTSDWSI,s!)wS,S WFO
P i TU',  e N

!10 Ffl.:AT("1"S(1)T O"FILTER MID(L OATA-;iASE FPJM
A.NA:"FLIST [IS: "

//T'j"TI.E COINSTANTS, TAUS "

,/rT-,"Cn9 ; cL ,frlN flISTAINC', )IST "C
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F/ T?(v 04 ( 14 .7
E I /T 1 10S[VAS III
F 7 ( / o~i 1 .U,4GI4 . 7) / T?0,w 3r 1 4* 7

E~ / / TL I .'S %) 4 F1"9

SUBRUTI q= XFiT (I RUINvT NF iNSiNXTJpXr'9XS iXT A J , NT 13 9XfDOr

C Ol ON/ISNO I SIS 1) W S 1 C45)30 S ~( 18) S WD4F 0( 1)
)I ;' S I tN X (F I) ,XtOT(NF ) wXS (NS),XT A J (NXTJ ) 9P (NTR

4 FTURN
E-NTRY XFOOTiJ
XF( 1)=O.

SU3RO JTINE XSoO3T( IRUNTNFNSqXrj,XF,XS,XTRAJXDOr)
DIMENSION XF(NF) ,XS(NS) ,XTRAJ(NXTJ) ,XDOT(ilS)

Cf),'M.G1O/TSYS/TUS(),DIST(4)
C')ION/SNDISSDSC45)SDWS(18),SDWFJ)(1)
COMAONq/rRJCO;I/%,G,(li EGA ,ERK ,RK(ZRK3

t C 16 TRAJECTOJRY INPUTS FRO14 PROF-GEN

2LAT=XTQAJ( I.)
FRLONXT. RAJ( (2)
A LPHA=XTRAJ (3.)
A LT -- X T A J ( 4 )
O fL XTRAJ (5

P IT=XT AJ (5)

YM=XTRAJ(P)

yE =-X(T AJ(91
VU='XTRAJ(L01)

FE=-XT'RAJ(17)
F UJ- XTRZA J( 13)
11 R,)L =X TR AJ ( 1.4)
r)PITuXTRAJ( 15)
flYA..d=XTRAJ( 16.)

SLAT-'Slrl(R A T)

TLAT-SLAT/7LAT
T) Mf-. ')Njf1Mi' AO'L AT
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0 MFG GA U OMr:;, A 4SL A T
SX-1,IN( RO)
CX r:nS ( ROUL)

C Y-C OS(PI1T)
SI S N ( Y A ' )
C I COIS ( YAA ~)

A-3A StN (AL? -I A)
C A= CUS (ALP I A)
S LOP I=S IN( MLO N)
C L O,4C93S ( RLOM)

C RHO IS THE ANGJLAR VELOCITY OF THE NAY FRAME WRI EARTH

HflF=VE/RE

.CU=VE- TL 4 T/RE

C 4E-ON-t~tJ ARE TAE ANGULAR VELOCITY OF THE NAY FRAME WRT
C 114EQTIAL F.KAME COJORINATIEOi IN THE NAY FRAME(--U

W E=RHOE
W N=R HDNOMEGA N
W U=R HO'J +OIEGAU

C COMPONENTS OF THE 9 X 9 MATRIX

I: PK 1V/
P LAT2=2.*,RLAT
F42=.*(OMGNVNJM'G4U*VU)+RHON*'/N/(CLAT**?)
F4s3=RHOU*: -I(T+RHON*RKZ
F 44=-RHOEl*TLAT-RKZ
F 52=-2 **OCVE-R*E-HQM*VE/CLAT**2
F S3=;>H0N*.RlOU-UiOE*R<i
F6~3=2.* G / R -RHOUN *2- RHi E **2
F 92=4N+RHrOJ*TLAT

C TRANSFORMATION FROM NAV FRAME (E-N-U) TO- BODY FRAME (X-f*-Z)

CXE=S Z4CY
CXN C * C Y
CXIJ=SY
CYF.=SZ4'SY*'SX.CZ*CX
cyN=CZ*SY*SX-Sz*CX
CYt>-CY*SX

CU--C7*C:; 7*S~c

C TRANSF:UQ IAT ION F;)1, RODY PRAME (X-Y-1) TI) NAV *RAME_ (E-N-U)
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cux=CXE
C . y: r C y E

CNX=GXN

C NY C Y N
C U/ C/ U4

COYw.cYU
C-UZ=GZU

C S ECTFIC FJRC=- IN THE Th)Y FR~AME

F Y C X N F N. + X E i E + C X U F U
F Y =C Yl4F Nl+ Y ~EF C + tC YJPU

C .ANGULA VELOZITY O)F .RY)Y F AHF W T INEERTIL FRA4;E
C CPr3RDINATI/ED IN TH1E '-I,,31Y F.:?\E

wY=CYE~wF + 2YN*WN+CYLJ" WIJ OP IT
W 7= C ZE ~w iE +2/N * + C /U*~W U +DYA W

XDOT(1)=XSC2)*RHOU/CLAT-XS(3)*R.HON/(RE*CLAT)tXS(4)/
E,( F*CLhIT)
XflOT{2)=XS(3)*RH0F/RF+XS(5)/RiE
XDDT(3)=-R<IS(3)+XS)XS(4)*K1XSt)*R~l'ALT

XDFOT( 4) 2S() VF42.XS( 3) *F43tXS( 4)*4 4+XS( 5)*( 4J+OME0G.U)

a,.XS(2)*FE+XS(3)OCFY+XS(24)*CEZ
EXSC25)*CEly+XS(2)*CP-Y.XS(27)*CE"Z

F.XS(284CFX+S(2q)*'CEY+XS(3Oh)'CEZ
XS (3 1.)*C XFX+XS( 3? *CEY*FY+XS (33) 4CEZ*FZ

F-XS(3)EX *Z.XS(35)CX*FY+XS (3b)*CE-Y*FZ
lXS37)*4CE*F4XS(33)Z4EZFYXS(3?)*CZ*FX+XS(f,2)

Y'OOT(5)=XS( 2)*F52+'XS(3)* F53-XS(',)*2.*!WU-XS(5)*IKZ

+.XS(2)RH.]E4XS(73)*U-YXS(24*FEI

.,XS(28)*CNI..XS(29~)*C'4YXS(2£.)*CNL

XS(5)*S.X4,)CYX(27)(5),(CN/,
28X3')*,44XtXS(3)*C Z*+XS( 30) *CNZ+XS't3
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F.-XS(S )* u # i ?, QC Y X (4 2 *I

F. +XS (1.3I) 'CE:X F X X(SCP* H4 OiY-NY tXS ( 33) 4,G0?0FZ

F.-X S 1 '0Cr..IFI+Xs( 1")At)YCFY-XS (lit) *CY4WFZ

+ -XS (37) (1CJY - XXS (13 4~ f Gr7 Y + YXS (1'3 ~C U I* F

F. X S (1.?) ?+XS (0) R < AYX S (24 ~N~

&

Y XS 13) *CJ-X4X.XS( L4) C' Y Y +X S IL 5C E 4 I

&.XS(19)*CtEY*,.X+XS(20)*CUZ*WY-XS(21) Cu-Z*WX

+XSO (25)+ 4 S (25) GTAU (U ,y+ .?C-
+~0 x s 5 1 -X r N ( V ) /TU (2)! ; - NZ".

F. +TX S2) %-' (28 /TYAU4 +XS( ?-04) *4Y-XS2

EXS(19TC30)=-X0)TS()CZW-S2)CZ

D0 2 1 =31.3p
2 XDOTMI)=.'

Xnrjr( '3) =-XS (43)/VGTA/US(ST(3
x 0 0 T (4243) =- X (44 ) / T A/U S S( (4)

00 4 131939

X' MO ( 4 =-XIS (0 41 1 ST () 2

XCrT4)-S43*GDDT3

X.') T(44 -c- (44) V'J,)/.) 1694



R TJRN

TRTJH MfODEL FO PR: VI(1JS GFERATIDN INP T iAL R Ff- SYSTE M

SPM,)ATA
NF- I , NS=4, , TF,- 1 . o ., ')TPA M T -190 ), TP0PL= 15. 1 3 YS- 15.,
LP, XF-.T., LPRLT=.!:., LPR.D(=.F., LPP-=.T.,:A×TJ--fh,L)TJ,-.T.,

M=O.LPqXTJ=.T.,.CC--.T.oDTCCPL=3.,IPASS5jf

45*0.

11. 1.
0',0,0,

1,i S T AUS ( 1.) 35 00 .,- 31)00 .,30) 00.,- 00 O. Uo ,' 0.

IST ) 1519025.0, 60761.0333,60761.0333,364566.19,

SOSO(1)-7. 16823E-5, 7.16923F-5, 1.5 E+3,

9.55765E-4, 9.55765E-8, 9.55765E-8,
5 5E- 3, .5 1--- 3, v 5 E-3,9

4.3633?E-7, 4.3633?E-7, 4.36332E-7,
100.E-51 100.E-6, IO0.E-6,

2.90893E-5, 2.909139E-59 2.90333E-59
2.908liE-5, 2.9088 E-5, 2.90389E-5,

8.05E-3, P.05E-3, 8.05'-3,
1.28SE-3, 1.288-3, 1.283E-3,
6.44E-4, 6.44E-4, 6.44E-4,
500.E-6, 500.2-6, 500.E-6,

4.84813E-5. 4.94:313E-5, '.84:313E-5,

4.34313E-5, 4.84313G-5, 4.84613E-5,
5.E+?, 3.E-2, 3.372E-4,

5.474E-4, 1.127E-3, I.E-2,

SOWS(1)= 2.25 E-2,
9.71779E-6, 8.71779F-6, B.71779E-6,
1.21743F-99 1.212432-9v 1.21243E-9,
1. 28, E-39 1.2,11 E-3, 1. 263. F-3,

6.44 F-'4, 6.44 E-4, 6.44 E-i,
5. C+?, 3.372 F-4, 5,474 E-4,

1.127 F-3, 1.5 F-1,

1,0 ,13, 34 17. 7467
S,0,03437.74 6 7
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4 1090% 1.5 9090%1.,

7.~ 0,0,147 I46,O,O , I,+

7--,,343'f74 14*' , ,n ,3 4 ,.1 +1 ?, *7 4 L)
0 , 0] 0 ,' '+J7 7 .,

L]N-'h I TU)F ERROR
POSITION *ARC MI 4

L.TITUDE ERROR
POSITION * RC 41! q*

ALTITUDE ERROR
.LTI TU T CFFA!T4

E.AST VELOCITY ERROR
VcLOCITY VFPS*

wt]RT, VELICITY F OR
V.LOCITY *FPS*

UP VELOCITY ERROR
VELOCITY *,FPS*

EAST TILT
TILT *ARC .MIN*

NORTH TILT
TILT *ARC MIN*

AZIMUTH ERROR
AZM *ARC MIN*
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AIPfNOT X G

S1)FI. SUII1.)LJTT I -S FOR F IL '.4 MODEFL

SU!% !lILIT INF~ Ami.Nfl (I kJ, r NIi ~ ,NXT J ,X,:, ,c XTR .J)

FENT4Y AMEE)O
R E T L)RN
E NO

S U*' RJr TI -N E ST IX ( i RyJN rNF ,N S-PNX T J 9X F -PXS9X T'AJNT R P)
DlIMEN>SIOlN XF(N4F),XS('4S),XTRAJ(NXTJ),PFUI4TR)

ENIT'f ESTIXO
RETU.AN

F ND

SU:3VOUTI"JE FOG;-N( IR'IJr4T.FNSNXTJXFXSXTRAJ,

01i:' >'SION /(F(,NF),XS('4S) ,XRAJ(NXrJ)),F(NZF),oF(4ZO)

CoMJ/TCSYS/TAUFul),r1ST(4)
COOMN/F40S/S3'F(45)CjFIN( 16),SD)WSD(t)

CO ',ON4/C1/CX(E (XCXJ ,CYE ,CY~,CYU 'Z',ZN CuJ

CnvI*U0/C4/SLArgcLAT,rLATsxgCXtSYCYisz ,CiS&,ZASLOI ,CLO4
CoM4' JN/C5/pLAgrLO~,ALPHAALiROLL, PITCHvYAW'4,vEVJ
COM!ON/C',/VG,O1EGA-.QME:GAURHOE, RHONR~HOURKZ

COM-ON/C/',2,F'3,F'.",F52,F53,F63,9'2
C0A!00N/C9/FXqFY.FZ,FNqFEvFU

F I.) =?HQU/CLAT

F:(3 =I./ RF*C AT)

F (7'1 =:423~~F (?-) =RiC4? /
F (=iF43
F 9'o F44
F C I)1SIEGAU+WU

c: Cli1 =-fJ MES AN-%i a
F (15) = - F

14 V')CFZ
F 15 - C E Y
F (1. )i -CE
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F (20) -CFX

F 22 )-CEUL

F "1 3 ) -C I Y * : X

F- X?' -1~ F Z

Ft ( R) -C FY* :Z
Ft 2, )-CFY*FX
Ft 3;) ) -C I FY

Ft 31 )=Cll,1 x
F (33)=F52
F t 34)=F 3

F ( 3 7 ) -R HOF

F (3i)=FU
F t2,))=-FE
F (Itf)=CNX
F 4L)=CNY
F 4 ?) =C 4Z
F t.3)=C,'IX

F ( 4 4 ) =C N Y
F ('#5)=C,'4Z
Ft ( 4 ) =CNX
F (47)=CNY

F (49) =CNX*r-X
Ft 50)=CNY4FY
FC(5 1) CVIIZ*;:Z
F (5? )=-GNX*FZ
Ft 53)=NX:
F (54 )=C.NY*c Z

Ft 55) =-CNY*FX
F t56)=-CNZOFY
F (57)-CNZ*F'<

F ( 59=- -H04WOV
F t 61) -F 6 K

F (65) = FE.

Ft '7) '=C!JY
F (8l =CIJZ
F 69 =) =C OX
P (70) -S'.JY
F (7 1)- CUI
F (7?) =C U

F (73) CIJY

173



r, i cu
F ? ') ) -C I,' F Yl;7
F (117 ) U 1 'FY

F (1?fl'CUO:7z

F 7 ) ux :y
F (80 )'(UUY*F
F (9 )=-CUYOFX

F C ,i U) ="CLJZOFX
F (e5)=RK24ALr

F (III) =-RH,3E/E
F ( 9) = wU
F (90) =-N
F (9 1 =CE X
F (c,'2)CFY

F 94 =C' X* 4
F^- ('*=E4 y

'(9hi=C[iZ*.Z

F (97)=,CEX4OWl
F (9 1h=-CEXOWY
F (99)=-C'VY*WZ
F (100)=CEY*WX
F ( 101) =CEZOWY
F (102) =-CEZ*WX

( F (103) =-OIMEGAU
F(I04)=- HJN/RE
F ( ltOs') =-WiU
F (I-37'rWE
F (10~3 =CNX
F (109)=C'4Y
Fl 110) =CNZ
F (111)=CNX*WX
F(1t12) =CNY* 4Y

F (1I3hCNZ'WZ
F (114) =CMX04l
F (115) =-CNX*WY
F ( 116) =-C.IY*Wz
F (11 ?)=CrY*WX
F ( l11) =CNZ.OWY

Fl 120) =F92

F (1??)=TLAT/RE
F (1 1- 3) =4

v( 12) 4 -Uw<

F 126?) =CIJY
F (12/ 1 CUI
F 12I L -CU1X4 VIX
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F (1312 -C JX YW
F (1 33~)-CUY(4.4
F. (13t) -CIJU'4W

F (1t3, )=CtJ4wY
F ( 13t)) =-ZU1,cqX
F (1.37)-21.*/TAUF (1)
F (13"1) -1. / TAJF (2)
F (1 19) =-I. */ TAUF ( 3)
F (1'.0) --1.*/ TAJF (4)
F (141) -1.*/ TA0F(5)
F(14?2)=-]../TAUFC(6)

1 (It43) =-VG\1 0/0t 1ST ( I.
144)IS

F (145) =-VGjI1/OTST (3)
F ( 146~) =-VfMDI)IIST ( 'I
F (15SC)) =R14ALr
F (1.52)=-RK3*~ALT

00 5 1= 13 1.6
5 0 P( 1)=2F IN I 1)*V GND

R ETU RN

ENTRY FQG=-40

Di 1. 0 1 =1 1 R

F 5 )1 ./R G

F (3 2 1

F 5 8~ )1.

F (84) =RK2
F C 6) 1.

F (147) =Ri(3
F (14.3) =-RK1
F C 1.9)=R(1

F (151)=-R<3
" F- TURN
E ND

StEc;ROUTINE LIRZ( tRLJ4T,4FNS,'4XTJiXFg,;StXTRAJNTRqPF,1 IMEASi

D I 'ENS I (N XF N4F ) XS -4S) ,H( IF) XTRAJ NiXTJ 9 ,PP NTR)
P' F T U . '1:NTkY H1R Zf
u F TO 6PN
E N 0
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SUi!QfFJT U,0- S~I1Y 4J t ,T Nf- , N lTJ '0'V: I ,X TlAJ)
C Oil41fl/f NJ IS /SO 011 (It .i ) v OF IN( t 6 S ,OW';') M,
G)~mlh/ T(SY Su/T AMJF ( -) ) I S T ( I0)

D I M!NS I N XF ( Nf) , XS ( TS 1 XTRA J (NXrJ
FNT Y SM)YSfl

F N I)

SU~lRUITlrN T, AJ( I'N,NT,F,lS ,NXTJ,>i-EXS1 XT AJ)

nlirlENSiliN qFN <(SXTRAJ(NXTJl)

0 1~ MNS IN TELT I i) T LV FT-'T (fl 2 0 )U4 (),I T 5),'~

F) IMriF.tlS101 r AC C i 0) *H I-AD ( 5 0 P I T '0 0 ,10 ( 5 0 J')fl C 5 0

ENTR~Y TkAJ]

R FAO (3) TI TLE,rn0MAYICLOCK
R EAD (3) E~,4TL~~HTT~TVOPl~0?IO

& ALFAOLATJ ,LOMU,).ALTO.,Il .IT, iRIT I PLOTPO'iAATLUNIT
READ (3) SEGL!ITRE ST.RT, ITU 'flNPATH, PACC,TA'UCHEAO,

E PIT ,DT0,M)0E,E-:RO,')AMAXHIIN
IF (IRUN.GT.1) GO TO 10

CALL PAGCOI(44,t)
WR.ITE (6,100) TITL~,ODAYCLOCK

100 FORMAT(lX,7HTITLE: vZ0A4/lX,7HDATE: ,41O/IX,7-ITIME: ,AUD)

PRINT*," I PROl : "IIP O
PRINT'~," NSEGT: ",PNS-GT
PRINT'4 " L-MECH: "iLLMECH
P I NT v" TS T T : " ITS TAR T
P I NT~, 9 ro V0 itvVTO0
P RI NT* P I CA 00 : ,P HE 400
P R 1 N T P IT CHO :"P IT 0
PPRI NT, A.-F4AC0: ,ALF AO

PRINT*,' TPLfJT: "9IPLOT
PR INT-'It ILRAT: ' ,RCLPRAT
P,IrNT4," LJNIT: F?,LUNIT

P R 1N T4 S FG L MT S ')NT

P R.1 T  I TUJRN: , I TUJPN
P;?IA T4 NP ATH: N'P ATH

P R 11T- ' T ACG: ,TA CC
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PR IN T " 1 TC;) 11",P IT

P 1 p LI", r , ,Itfll): "It ) T"I

PR I N T¢ MOM' 0,) 1--

P 9 1 NT4,, of , ",1.4&AX

P 1 - 1N', " 1'1 : " ' N

1') C0 lT I Jt-

SE-?092 5 4
o= 8.A 315 16

[l h A *.729? 1 9i' IE -4

STANIDAR K VALJES APf K'=3.E-2, <2=3.F-V, K3-i.;?-6

C nPTIMAL K VALUCS A E K 1=1.003, K2=4. 17F-3, K3--. 9L7-G

R< I = 3 E -2
R K2= 3. E-4

R K3=1.E-6
RE TURN

END

SUB' {UJTINE USRIN

CoMrN/TCSY/TUF(6)4ST(
4)

I NAI'l ELIST/IqF/TALlFDIS T SD'WFO0OFlNhSDWSO

PRINT*,"

PRINT ,
T " X(1) EAST LONGITUDE"

PRINT€," X(2) NORTH LATITUDE"

pRI,IT4,
'" X(3) ALTITJDE (UP)"

PRINT*," X(4) EAST VELOCITY"

PQINT'," X(5) NORTH VELOCITY"

PRINT*," X(6) VERTICAL VELOCITY"

PQINT4 " X(7) EAST ATTITUDE "

PRINT* " X(3) NURTH ATTITUDE

PRIT HT," X( c) UP ATTI TUDE

PqINT* ," X( 1) X GYRr5 fRIFT R AT "

PRINT'S," XCII) Y GYRO DRIFT RATE "

PRI.'T*," X(12) Z GYRO DRIFT RATE

P 1 ST*" X( 13) X GYRI SCALE FACTOR "

PRI1T , " X(14) Y GY 0 SCALE FACTOR "

PQNIT9'T," X(151 Z ,C YR3 SCALE FACTOR "

P .INT ,," X .( 16) X GY.O 1 ISAL I G11 A3OUT Y

P ,1,.'T *', X( 17) X rY R 0 M ISALIGN , l 1JT Z "

P RI NT ," X I1 ) Y GY' 0 1 IS AL I GN Al 1)T X

P kL0T ' ' XC 1) Y GYRO ISALIGN A31)JT Z "

p9.,f%,," X(2_l) o GY.() 70 M S'L1G N AIWJ)dT X "

p I T4," '<(I1) N X, Y q! M ISAL G, A i'1!JT Y

P Q INTr ," XT v Y ) X ACC. :L NONEP FA T l I AS
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P I N T * " X( 21)) Z A (;(':L lNkNf:Pi1 AT Bi A
PQ1NT*%" X(?~ 2 A', CiiL 60 4 1 N ilA '

P I NT*~,I X(?6) Y A\C CCL 6 0 M IN B I AS '

P q I N T 4 < X?7) Z AC C EL bo r 'IN M (1AS
P 'Z I NT X(2 A X A".CCEL 15 j MIN B S

P QI NTA, X( 30) Z ArC E L 153 .11N B 1A S
PRINT*," X(31) X ACCEL SCALE FACT1R '

P 1N T, *" 1 X ( 3? ) Y ACCEL SC AL F F ,,C~ ."
PRINT4,"1 X(33) Z ACCEL SCALE FACTfl'
P RI N T 4 X (34) X 4CCEL M ISAL IGyN A3 0'J T Y
P Q 14T*," X (35) XI Ar.CE L mI S AL IGN A i"IU T I
P Q 1 T~, ( x -.1 Y C C FL MTS A L. I G A,111J T X
P RI N T t (37)Y 4 AC C EL H IS AL I G A'J T 7
P ,i X3'f 7 ACCEL M I S AL IGN A3 U T X
P 7I 14 T X 39) 1 A CC I-L lI S AL I G i .V,'J UT Y
P Q.IN T~ X 40) iA4' PRS o
PRINT*," X~ 4 1 ) 3A'4 SCALE F*ACTOR
PRINT*,f" X(4?.) EAST )=FL GRAVITY"I
PRINT*," X( 43) NOR DEFL GfRAV1TfY
PRINT~i" X<(44) GRAVITY ANOMAL.Y 1
PRINT*," X(4t5) VERTICAL ACCEL ERRO0R"

4ITEC6,105Y) TAUFqiJISr S0WF0.OFINiSDqSO

100 FORMAT('P'91(/)TIO"PIl-TFR MODEL DArA-3ASE FRJMi
;ENAMELIST INF:"
M./T15'TIME CONSTANTS, TAUF

F./T 20, 6 C 1. *7
E//T5"CORRELATI0N DISTANCE, DIST"
./ T20,'.GI4. 7

E//TL5'"SF IN"
F.3(/T20,5Gl4.7)1T2?0,3C1'i.7

E ND

SIWRULJTI.NE XSDIT( IPAJ'4,TMF,NSNIXTJXXS,XTRANJXJDT)

l)o'FNSIrPI XF(N4F) ,Xr)rT(IF) ,XS(NS5),XTRAJ(N'XTJ)

PE T Up PN
FIT Y X51)eIrO
X 5 (1I) 0L
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SU'NT 1NY X F )IT ( I 1;JN,1T M F , NS ,N X TJ ,PMXF X S ,X T AJ N T R, ,X T

D 1(4,L N S I n q ~$( NF ) ,XS( IS X XTP.AJ NXTJ)vXDOT( NS)qPP(NrT()

CO ,'A.0/ TC Y S/ T A OFC(5 0 S T(

C14F~ I~./; '-1 0( 'j), 9QF I N 1 S, D W S ()
C W,,.!N / r Jo C o , 0 , 0 1 E.; A , , Y K I , 2, "-'N:3
r 0] ~ ~ CI C X t C XN , CX J , C Yi , C YrN , ;YU v C I E , C/ Z li Z

C 9~M.4 F2 IC FM .0 - 1 0 C NMX, CNY 4 C NI ThUx IY N,

C 0-" 14J C 5 ZL AT, R L 0 ,AL PH A,9A LT , L LLPITCHs YA~,'qVVVJ

C 0' ~'N/C 6 V G ). 0] 'lr G AN , 0 M -:G AUv RHt0 F, HO hl] P ki n U, 9K Z

c fll !F]'T4 /C 6/ 4 2 v 4 43 1 F 44 It F 5 2 , F 5 3 F 53) "1 2
C 0 I.) ; N /C') ~X, , f F '4,F EqF U

C 16 TM AJrCTOVY I NUS P frs :j P R0 F,-,EN

.RLAT=XTRAJ( U
,R L 9N = XTRA J ( 2 )
A L P.iA= X TR AJ (3)
ALPT'XT-ZAJ( 4t)
ROLL=XTRAJ (5)

P ITCH=XRAJ (6)
Y A X T A J (7)
VN=XTtRAJ(6~)
V'=- X T ' A J(9)
V U =X T RA J( 13)
FN=XrRAJ( 11)

FE=-XTP.AJ(1.2)
FUJXTRAJ( £3)
DRO~LL=XTR4J (14)
DPITCH=XTRAJ( 15)
DYAW=XTRAJ( 1.6

V GN F)=SQ ?.T CV N 2 VE * *2)

CLAT=C'JS(DLAT)

TLAT=SLAT/CL.AT
fl MEG AN O1ESA 4CL AT
0 M F. A. U = 0.1 E S A 0 S L A T
S X=S I N(CROLL)
CX=C!US (Q.LL)

SY=SIN( PITCH)
C Y 'C,,S( P I T^H
S I S I N Y VAW~
C I r, -) S Y A,4

S A 5 1 N (ALP -IA)
CA=CIS CALP -iA)
SUN=1S IN( Q JJN)
C LO C) ' C:S( R -TM ~
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C RHIO IS THE ANCJALA Y -L ICI rY OF h!:NAV F A/NF WPT i-ART'I

WP H II q=F - RF '

v P1 U - V L T L T /J~

C W--N-4J A ?C TIL-i ANGULA: VFc-L(1CITY OF T-i- H4AV 5RAIF WRT
C tI~ NET I A L F A M'IF COOflRD I NAT I I ED I N THE NM AV FF Am f- (E

4F R H 0
4N R HO0N + '1 M F G) A N-
SU 4 H 0 J + 0 M r: G A U

C C!PuPONEhNTS OF rHiE 9X 9 IAT? IX

OL AT ?=2 * - AT

F 52 -2.*OUM -G A N V F- ~ H U * V f/ CL AT 4 2
F53=RHOiq*Q0[J-RHn E. ,P,<

C TRANSFORMATIOUN FRO~1 SAV FRAME (S-N-U) TO BODY FRA E (X-Y'-Z)

CXE=SZ*CY
CXN=CZ*CY
C XU=SY
CYE=SZ*SY*SX+CZ*CX
CYN4=CZ*'SY*iX-sl*C-X
CYU=-CY*SX
Cl E=-cz4SX+S z~sy*cx
C ZN=CZ*SY'*CX+S!4SX
C ZU=-,OY*C/

C TPANSPORMATIlN F~URM BODY FRV'1E (X-Y-.) rO NA FR.AME (E-N-U)

CEX=CXE

C E Z =CZ E

C NiY C Y'l
c 11 7 c~ z N

Cli U C XI )
r; u , Y U
1) 1 . C I. U

C SPFC IF IC F-Oi,'CC IN THE flIDY FRAmiF
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3 y h< Y 1. NJ F 0

I 1i 4- + C 1 4 F 1)

V-!(1-JL Ak Vi LM:[ TY 1 '!flY F' V 'T IN IA

Wx C + X r' 2 5 *c C E X s - P 2 L L1Y X (2 ) C

F - X F 3 4 C~ E X F Z + C U- 3 5 U FX F I) 1 Y Z

XDfT(5=XF(2)*UIJCTX(3),; 'QHUN()*2.ClAT'-XF- 'f.

F + X F (6) * R (AE "+u~ X 7) 4 F- X F ( 9 F+( F ()*

E.XF (25)*CNXXF(6-)CNY.XF(27)*CNZ
E>XF(2Z3)*CNX+XF(?9) *C.NY* F(30)4CEI

EXFO(51):'CX(2)523*CY*PY+-XF)')'2.tLJ-F(5Bd(

E-XF(37)*CNY*X3)-CF(34*CZXF?4)*CNZ ZFXXF(l3

&.XF(25)'*CJX+XF(23)4"CNY+XF(27)*CNiZ
EXF(25)*CJX+XF(?9)*CMY+XF(3O)*CNZ

E +XP(31) 4C!XX+XF(2) C Y XF (33 ()CNZ r U

R - X F 3 34) CUM X 4F Z Y F (3 5 ) C U X F Y + X F (3P~) -,C UY F Z

2X ) if 0 K XF( 4 1 4qUY V F 3? * LT+ UZ 4

E -XF (4 5C~*~ Y 3)~UXF+FC3 U4

DOTC3) ( X 3 ) 4C f? rl F Y .- r- 5 (3 + ) 'X C U14-x F

F (tO I ) ~C X -X& (1 I Ik -Y YF CL) 4C I
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E.. (*LtX F LICX X 1 1ON X I It~) I~W X C NI

E'+XF'(13) 1NX*'<xt- (14) GY*Y+XF(5 C N 7 *7WI

XQT(9) &<F(2)*F9?-XF(3)*RHfUf+F(,)*TLAT/RE+<F(7)*WN
i-XF C ) ''f04 <XF(C O )4CU< XF Cl.) 4UJY4XF(CI ? ) *CtZ
Ir: (13) ICJX*A X YF C t' ) UY~wY+'XF (15 1UZY

E 4XF (1-h) &GUX*4/-XY (17) *CUX*WY-XF CVi )4CUY*WI

2 XDOT(I)=0.

XD0T (e~) =-XF ('5) IT IF (1.)
Y~hJT 2',) =-TFQCQc)/TUF (2)
X4001C?7) = - XF C?17 )/rAJF (3 )
XDrITC20) -KQ( 23) /fnUF(4)
X00T C2?) =-<F (2Q)/TAUF-(5)
X00T(32J)=-XF(3J)/T4UP(6)

DO A 1=31039
4 XDtJT(Ih=Q.

XD0TC'0)=-XF(40)fVG40/DIST(l)

XO']T CA) =-XF (42) *VG03/:J ST (2)
XD9T(43)=-XFC43)*GND/D)ISTC3)
XD0T(44)=-KC44)VGN9/DIST(4)
XDOT(4=XS(3)*K3-XF4ARK3-XF4L)*RK39ALT
REFTURN

FNTRY XFI)OTC)
R FTUAU1
E ND

THREEY AXIS PIG PILTER MODEL

10Q A T A

L77=.T.vQTCCPL=5.i

'*,2lq 4,00, 4,31, 490, 4,33j,
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4,3 4 3, 35 4 3 4, 7 '1 l,
4 -,3 4 .

q ?.? 5, 4 5 5 , 6 5, 7,

6 4, h 5, 5 6, 7 , 8,

6?2 , 6,?.3, 6 24, 6,25 6,26,

6,27, 6,2?, 6 2), 6,3', 6,31,

6,32, 6,33, b 3m', 6 35 6,36,

6,37, 6 38, , 3), 6,40 6,41,
6.44, 7, 3, 7 9 S, 7, 8 7, 9,
7,104 7,11, 7 1 , 7,13 7,14,
7 .I t, 7 I, l 7 17, 7,1 ;j 7, 1 '

7,20, ?,21, I, 2, , 3 8 4,
I9 7 , a '4 9 9 I , ,11 5,3 1 Z

3.13, 44, 1 i i, 3, 16 3, 17,
,r, 1 ,19, 9 20, 8,21 9, 2,

9, 3, 9, 4, 9 7, 9, 3 9,10,
9,11, 9.12, 9 13, 9,14 9,15,
9,1S, 9,17, 9 1-, 9,19, 9,20,

'),21, 25,25, 26,26, 27,27, 2 ,28,

29.21, 30,30, 409 40, 42,42, 43,43,
44,44, 45, 3, 3, 3, 3,40t 3,41,
45,40, 45,41

7, 7, , 3, 9, 9, 10,10,

11,11, 12,12, 25.25, 26,26, 27,27,

21921, 29,29, 33,30, 40,40, 42,42,
43,43, 44,44,

1*0.

45*0.

I, 1, 5. 13 35E-9

?,?,5.13 35E--9
3,3,?.25Efb
4,4,9. 13't,86E-15
S,5, 9. 34' 6 F -15

9,6.9.1 3436E-15
7,7, .25E-6

J°?.° ,'$F-6
L'.. .. 338SE-L3
1' ,II, 1..90385F-13

I 1 3 , 3. 5 -

I ), I , I . -
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? * I I , A 4 f I I,:~ - I

:40i 111* '025 E-5

?7v? 7v1..65')H-6
?1,?8%1 *1q736E-7

3 .)v 30 l4 . 14 7 3 (0E~-7

3? 9 3 11 2 .5E F-7

-1~ 3 3, 5 E- -7

363fi l ? 35043F--9
17v37q2 .35043E-9
3 ,39 ? 2..3 5 0 It 3 E - 9
31),19,92.35043E-9
409,40, 2 *5 E+5
41,41,9.r,--4
4? *4? 7.*0 090 3E -7
4 1, 43, l * 99 6 4 fE- 7
4414491.*27012E-6
4594Cjt j*-4

SINF TAUF(1)=35600.,3600.,3600.,?00.,Q?00. ,900.,

IST( 1) 151')025. 8, 3761.0333, '07b1. 0333, 35'i566. 19,

SO)*JF(1 )7. 16'323-5i 7 . 165 23 5:- 59 1..5 Et
),553765E-39 9. 57(5E-F, 9.55S76',-89,

5 E-3 5 F-3 I
4. 3631_2E-79, 4.36 332f--79 4' 333?1*-7i

100 . ,:- 100 . -6 10 l) - 6p
2. . 90"-, 1 E -5, '1 * O. -5, 2 908P, --.5

6 . 4 4 E~-4 6 . 4 4 4 6 t* 1, C. -4

It. 1Vi I I3E-5i It .*3 it 1. 1V- 1 5.-~
5 . r- + 3 , .c-? 3 . 372-
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2 I ?7.6K-1v 7.6F-1 ,

t.21h3'-1), 9~t t,)l 1.E- ).~1:3), 1O

'1.'1635t? -O 1.? 1635 b-10, 9. ;P 35-'-01,
• .1.0 5,H39 2,'30 W.'E-Llt . ; L - 2
h:.'9 7,m L(- 121

I.

0-, 1004 z37.74)67
7 .1 , 3 43 7 . 74 6 7

* 55,,*1.

., , , 1
(e,7,7,3437. 7447

) , ,93437. 7467
,,9,'-, 3431. 1'447

LONGITUDE ERRO1R
POSITION *,ARC MIN*

LTITJDE ERROR
19SITION *ARC 410','

ALTITUDE ?RROR
ALTITUDE *FEET*

EAST VELOCITY FRROR
VqL.lC ITY 44PPS*

VELOCITY *FPS*
UP VELOCITY ERROR

VELICITY *iFPS*

EAST TILT
TILT *ARC HIS*

NORTH TILT
TILT *ARC MI1N*

AZ IMUTH ERROR
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Appendix H f
Plots of ensemble averages of error

states, plus and minus one standard

deviation, as a result of specific

sensor errors.

1

I!

, I

1

I i
it
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ERROR A-FND -SWGMHr 5O RUNS, COMBAT, ONLY X(23]-X(SS)

d-

0.0 100.0 2.0 500.0 400.0 W0o.0 ec0.00.0 0ioo ao.0 jt00.0
TIM~E (SEC)

Fi,,urc H--. Longrritude error stato from accelcromot .r noi.~o

ERROR +- FiNO SIr3MAY SO RUNST COMBAT, ONLY X(23]-X[SS)

d-

0.0 100.0 30.0 3k. 400.0 300.0 00n.0 0V. 1:10.0 Q0. IM~O.0

Fi;-r-c 11-2. ULatitude orrcor ct,7,.tc frorm' -1cccA.'.rompt('2 oi
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ERROR A FND - S..MR, 50 RUNS, COMBTI, ONLY X(23]-X(SS]

a

7,-
d.-

0.0 10.0 W0.0 50.0 4o00.0 Z0.0 000.0 700.0 eU0.0 QCI.O 100.0

TIME (SEC)

1"i-ure H-3. East vol. error state from accelerometor noise

ERROR 4- AND.- SIGMA, 50 RUNS, COMBAT, ONLY X(231-XIS5
4

I ... - "

,"4

-r

TT~

0.0 100.0 0 !.o 40 .0 u.o 0 ~o C. 7CD.0 W .0 o jcmu

,' ~ur I[e 1-4. [!or-th vcl, or ror -tt fro~ n ;cc: :. :oter no ic
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(ERROR + AND - SIGMF, SO RUNS, COMOAT, ONLY X(23J-X(55J

i2

d

0.0 100.0 2 0.0 50.0 400.0 301.0 CQO.0 70.0 OO.f SCW .0 Jil. 0
TIME: (SEC)

Figure H-5. Altitude error state Prom accelerometer noise

ERROR + AND - SIGMA, 50 RUNS, COMBAT, ONLY X[23)-X(SS]

d'

0.0 100.0 96.0 30. 400.0 W0.0 000.0 700.0 &WO.0 2W.0 JL\10.QT 1141 tSEC)

. Fi, ;ur.' 1E-6 Up vol. error ;!;.to from acctl1,2c,',-)r no wo
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ERROR + AND - SiomI, 50 RUNS, coMofIT, ONLY X(23)-XI5S)
,I

d

d-

ci

TIME (SEC)

'",-ure H-7. Last tilt error state from accelorometer noise

ERROR + FIND -SI MFI, 50 RUNS, COMBA=T., ONLY X(231-XISSI

a

Il"

d"

0.0 100.0 9O.o 3m.c 44.o 3.0 aob.o 7,0.0 Wo.0 00.0 1.0

TIME~ (SEC)

iu, - 0. ilt r,.'ortt o a
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bii

ERROR + AND - SIGMA, 50 RUNS, COMFIT, ONLY X(II-X(22]

d"

-

a

0.0 ._. 00 0. 0.0 100 00.,0. CA O . m

-.----

Figure 11-10. Longitude error state from gyro noise

ERROR + AND - SIGMA, SO RUNS, COMBAT, ONLY X(III-X(221

a
d"

0.0 too.o0 oo o io6.o 44.0 36.0o ec.o 700.0 V00.0 =OL.o i W ., a

TIME (SEC)

Fi.-urv If- 1-. L,,atitudec -error ,,7. tpe f -'', yro n.':,-]. '*
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ERROR 4-ANO SIGMnI, SO RUNS, COMEJATI ONLY X(I11-X(22]

I.-

00 100.0 56.0 3 . 400.0 Sa0.O 60-0 74D.0 eO.a 000.0 200
T IME (See)

igure 11-12. liazt vel. error state from g yro noise

ERROR +I I1N140 SJIGMfl 50 RUNS, COMBAT, ONLY X(II1-X[22)

b.0 140.0 a 2.0 !lw.0 W00.0 W'0,.0 vcb.0 760.0 06.0 000.0 :tw0A
111% C SEC)

-d:-;urc' !K- . 0 vt 11 vl cI Drio0r ;tatL'Q 1"'0Mi yr
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ERROR + AND -Sionfl, 5O RUNS, comon'T, ONLY X(I11-X(221
13

0.0 100.0 2 .0 3im 400.0 W'0.0 0O0 0 700.0 N~O.0 ODO.0 wdo.a

TIME (SEC)

Figure l-1-1. Altitude error Otate from gyro noise

ERROR +- AND -SIGMA.? SO RUNS, COMBAT, ONLY X(11)-X(221
W

d-

I.

0.0 100.0 2j.0 5C. 4010.0 W.0 1 00.0 70~O ~ '0.0 "]L)." 9m.0 W10A~
TIME: (SEC)

i'iue -lrl. Up vol *. error ::;tato Iirom j-yro rioiu2c
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ERROR AND -SIGMA, 50 RUNS, COMBAT. ONLY X(11)-X(221

d-

-d

0.0 10.0 200 0 OC. 0 40'0.0 300. 0 006.0 70b.0 06. 0 9,C. 0 i0
TIME: (SEC)

PiueH-16. East tilt error itatc from Cgyro noise

ERROR +- AND -SIGMA, 5O RUNS, COMBAT, ONLY XC11]-Xt221

-3d

0.0 100.0 0 .0 7(0.O 40,0. c 6, 00. . 70U.0 00 0 Wu. 0~j.9
*TIMEC (SEC)

-u r,.t. -7. 'or h I.Lorror. "l;ate from .yr.0 11
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II

ERROR +c FIND. -imt eIrr-o stat froS m --Myf.-o NL Xi1]Xt
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0

ERROR ±AND SIGMA, 50 RUNS, COMBAT, ONLY. X(1Li)-X(13)

CL

I-

Le C

!C

Ot,

,,J-

0. 0 I&0 200.0 300.0 40.0 S00.0 600.0 700.0 800.0 900.0 1000.0

TIME (SEC)

ik,iure i-19. Last vol. error state from !gyro bias

ERROR + AND -SIGMA, 50 RUNS, COMBAT, ONLY X(11)-X(13)
0 C'

C2

C,
ci.

iqft_,Of''-
Li

o o woo. . 0 300.0 106. 0o~ - .o 0 6 0 7oo .o 0 00. 0 9o0. 0 100.0
rliNE ($)rl

iur 1 - 1' 0 asOtl vel. error srtate, cnron :,ro bin':-RU9L

I .-'- x. q __j
C.)..,._.v- .

CUJ

0.0 100.0 0O0.0O 300.0 4O. 00.0 000. 0,] 7,00.0 6C0.0 900.0 1000.0

F.i¢"ur', 1i-20, tio rth vol. orr.or r;taLe :from "yr'o b~I.m:
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ERRCO + AND - SIGMA, 50 RUNS, COMBAT, ONuY X(14) -X(16)
Ci,

C:-

Li

II-

0.0 100.0 230.J 303.3 400. 503.0 60, O 76.0 50'0.0 900.0 1000. 0
TIME (SEC)

Figiure i-21. East tilt error state from gyro scale factor

ERROR + AND - SIGMA, 50 RUNS, COMBAT, ONLY X(14]-X(16)

Jr -I

o

(SEC

I--° I

4. r.-,a !., -- '"

1-2

S': I .. -- - --- -T :* 4.-.1

0.0 OO 103 0 0 300.0 30. 0.3 500),0 0,3 703.0 800.0 flOO0, 1000..0
tIM ( S-PX)

i"J " ,.u : ,-" 22, :;orth ti]lt orx o r ,, ta ;, .f.roa: n."'y" -c.., J . ,:o
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ERROR 4-AND -SIGMA, SO RUNS, COM~flI, ONLY X(17)-X(221
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Figure 11-241. East vel. error stato fromn gyro misalig-nment
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ERROR +- AlND SIfGMF1 5O RUNS, COMBAlT, ONLY X(17)-X1221
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Figure H-26. East tilt error state from gyro misalignment
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ERROR + AND - SIGMA, 50 RUNS, COMBAT, ONLY W(7)-W(9)
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Figure H-29. East tilt error state ±rom yro white noise
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ERROR + fNO - SI(,Obn. 50 RUNS,. COMB ',rT ONLY SFNL
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Figure H-32. 'East tilt error state f'5~ -;yro S.F. non.linearity
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ERROR + fNO - SIGMAi, 50 RUNS, COMI~nT. X(I1]-X(571-O
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ERROR + ANO - SIOMR, 50 RUNS, COMBAT, IC ONLY, SHORT ALICN
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